Property Morphology Correlations of Organic Semiconductor Nanowires by McFarland, Frederick Marshall
The University of Southern Mississippi 
The Aquila Digital Community 
Dissertations 
Summer 8-1-2017 
Property Morphology Correlations of Organic Semiconductor 
Nanowires 
Frederick Marshall McFarland 
University of Southern Mississippi 
Follow this and additional works at: https://aquila.usm.edu/dissertations 
 Part of the Physical Chemistry Commons 
Recommended Citation 
McFarland, Frederick Marshall, "Property Morphology Correlations of Organic Semiconductor Nanowires" 
(2017). Dissertations. 1439. 
https://aquila.usm.edu/dissertations/1439 
This Dissertation is brought to you for free and open access by The Aquila Digital Community. It has been accepted 
for inclusion in Dissertations by an authorized administrator of The Aquila Digital Community. For more 










Frederick Marshall McFarland 
A Dissertation 
Submitted to the Graduate School, 
the College of Science and Technology, 
and the Department of Chemistry and Biochemistry 
at The University of Southern Mississippi 
in Partial Fulfillment of the Requirements 




PROPERTY MORPHOLOGY CORRELATIONS OF ORGANIC SEMICONDUCTOR 
NANOWIRES 






Dr. Song Guo, Committee Chair 
Assistant Professor, Chemistry and Biochemistry 
 
________________________________________________ 
Dr. J. Paige Buchanan, Committee Member 
Research Physical Scientist, US Army Corps of Engineers 
 
________________________________________________ 
Dr. Wujian Miao, Committee Member 
Associate Professor, Chemistry and Biochemistry 
 
________________________________________________ 
Dr. Sarah E. Morgan, Committee Member 
Director and Professor, Polymers and High Performance Materials 
 
________________________________________________ 
Dr. Julie Pigza, Committee Member 
Assistant Professor, Chemistry and Biochemistry 
 
________________________________________________ 
Dr. Sabine Heinhorst 
Chair, Department of Chemistry and Biochemistry 
 
________________________________________________ 
Dr. Karen S. Coats 




Frederick Marshall McFarland 
2017 
 





PROPERTY MORPHOLOGY CORRELATIONS OF ORGANIC SEMICONDUCTOR 
NANOWIRES 
by Frederick Marshall McFarland 
August 2017 
Chemically doped and non-doped P3HT nanoaggregates are studied to establish a 
comprehensive understanding of the interplay between their morphology and various 
optoelectronic properties. One-dimensional nanoaggregates of P3HT are chosen to be 
model systems due to their high surface/volume ratios and suitability for microscopic 
investigations. 
Atomic force microscopy (AFM) and kelvin probe force microscopy (KPFM) are 
used to correlate property/morphology characteristics of P3HT nanowhiskers. 
Topographical measurements indicate that individually folded non-doped P3HT motifs 
will stack via interfacial π-π interactions, forming long-range nanowhiskers in solution. 
Further aging leads to multi-layering, creating nanowhiskers with greater stability from 
less instances of interfacial π-π sliding of edge-on oriented P3HT motifs. Electronic 
KPFM measurements of nanowhiskers that are at least triple-layered show increased 
surface potentials due to more instances of local defects and stacking faults due to 
overlapping. 
Simultaneous UV-Vis and AFM characterizations compare the aggregation rates 
and morphologies of doped and non-doped P3HT nanowhiskers. Without doping, aging 
of fully solubilized P3HT molecules will produce high aspect ratio nanowhiskers 
containing disordered and protruding segments that may also serve as “tie-molecules” 
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between adjacent nanowhiskers. Doping will lead to substantially higher rates of P3HT 
aggregation and will display different morphologies likely due to a different aggregation 
mechanism. Doped nanowhiskers appear to pack tighter, are smoother with less 
protruding edges, and are larger overall versus non-doped nanowhiskers. 
 Stopped flow-kinetics was employed to investigate the reactivity of two 
distinctive morphological forms of P3HT, fully solubilized and pre-aggregated P3HT. 
Fully solubilized P3HT will undergoes a slow doping mechanism whereas pre-aggregated 
P3HT will undergo a fast doping mechanism. Pseudo-single reactant rate fittings indicate 
that both mechanisms appear to be 1st order in P3HT, whereby pre-aggregated P3HT 
mixtures produce more doped products per P3HT monomer unit than fully solubilized 
P3HT. This study highlights the impact of conjugated polymer’s morphology on their 
doping efficiency.  
Sandwiched and layered charge transfer (CT) complexes between oligothiophene 
and F4-TCNQ are investigated using density functional theory. Our preliminary results 
suggest that the sandwiched complex may generate substantially more charge per F4-
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CHAPTER I – BACKGROUND AND TECHNIQUES 
1.1 Introduction 
Organic semiconductive materials (OSMs) have gained increased attention in the 
last few decades due to their unique benefits over traditional inorganic materials. OSMs 
are capable of being designed and tuned at the molecular level, are solution-processable, 
and are highly scalable using roll-to-roll printing technologies.1, 2 The creation and 
transportation of mobile charge carriers in electronic device active layers will 
substantially impact their performance in real world applications. Fortunately, increased 
performance is possible when utilizing chemical and/or physical processing methods.3, 4 
For example, charge mobility may be altered and even enhanced by the synthesis of 
highly conjugated molecules, and morphological defects can be minimized by controlling 
layering morphologies via thermal or solvent annealing.5 Conductivity enhancements are 
also possible through electrochemical and chemical doping methods that are able to 
increase conductivities orders of magnitude.4 Because of these beneficial characteristics, 
the potential for increased performances and deployment of OSMs is highly promising in 
the areas of advanced optoelectronic devices such as OFETs,6-8 OLEDs,9, 10 and OPVs.11-
16  
This work covers selected topics on the prototypical OSM, poly(3-
hexylthiophene-2,5-diyl) (P3HT), a highly conjugated semiconductive polymer whose 
anisotropic properties has been the subject of intense research over several past decades. 
Although P3HT’s electronic properties are well-documented, its aggregation 
mechanisms, particularly the initial stages of nanoaggregate formation and during 
chemical doping, are less understood.17  
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This investigation employs atomic force microscopy (AFM), optical UV-Vis 
spectroscopy, and density functional theory methods to study the effects of P3HT 
aggregation and its resulting optoelectronic properties. Special focus is also given to the 
understanding of kinetically important aggregation stages of P3HT when forming 
nanowhisker-type aggregates and how different morphological forms will impact their 
reactivities towards dopant molecules.18-20 
1.2 OSM Electronic Properties 
Charge transport of OSMs, such as P3HT, is heavily impacted by two 
fundamental interactions: (a) fast intra-molecular charge transport via π-conjugation, and 
(b) weak inter-molecular π-π orbital overlapping/stacking interactions via aggregation, as 
shown in Figure 1.1.3  
 
 Intra- and inter-chain charge transport schematic of P3HT. 
 
Intra-molecular charge delocalization is best explained using the classic example 




degenerate sp2 hybrid orbitals and one unhybridized 2p orbital. This unhybridized orbital 
is positioned perpendicular to the plane consisting of all three hybrid orbitals and 
participates in π-π orbital overlapping interactions which are crucial to charge transport. 
A linear combination of atomic orbitals (LCAOs) will form molecular orbitals (MOs) 
which are able to delocalize or share electron density. The ground state valence electrons 
will occupy the highest occupied molecular orbital (HOMO), while the lowest 
unoccupied molecular orbital (LUMO) is of higher energy. Conjugated OSM molecules 
are typically colorful, owing to their ability to form chromophores, or π electrons 
delocalized over four (or more) atomic centers.   
Further electron delocalization is possible through inter-molecular interactions via 
weak inter-molecular π-stacking. In conjugated polymers, such as P3HT, π-stacked 
lamella structures serve to delocalize charge and efficiencies are determined by the final 
morphologies. The energy difference between the HOMO and LUMO energy levels of 
most conjugated OSMs is contingent upon these two interactions. The energy gap 
between the HOMO and LUMO directly correlates with the probability of promoting 
electrons from the valence band to the conduction band which is shown for various 
materials in Figure 1.2. For example, metals can conduct charge because there is a very 
low band gap restriction. On the other hand, insulators have a large band gap and low 
conductivities (10-7-10-11 S cm-1), which restricts the promotion of electrons. Conjugated 
polymers, such as P3HT, possess conjugated bonding arrangements that promote the 
delocalization of electrons. An increase in electron delocalization results from the the 
presence of hybridized bonding and antibonding π-orbitals which increase the HOMO 
energy and decrease the LUMO energy. Increasing the number of conjugated carbon 
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atoms will further reduce the band gap energy due to energy level splitting which results 
in the formation of new bonding and antibonding levels that progressively become closer 
in energy.   
An even greater reduction of the band gap energy energy is accomplished through 
chemical doping, whereby a foreign chemical compound or impurity can induce the 
formation of charged ionic species. Dopant molecules typically interact interfacially via 
π-orbital interactions of conjugated host molecules; therefore, their doping efficiency is 
heavily influenced by the processes of self-assembly and aggregation (π-orbital 
overlapping). 
 
 Band gap energy diagram for an insulator, semiconductor and conductor. 
 
1.3 Poly(3-Hexylthiophene) 
Poly-3-hexylthiophene (P3HT) distinguishes itself as a highly-studied variant of 
OSMs, particularly the family of poly-3-allylthiophenes (P3AT), by serving as a high 




are anisotropic, it is well suited as a test bench system to probe the interplay of solution 
processing and device performance. For example, early reports on thin film blends of 
P3HT/phenyl-C61-butyric acid methyl ester (PCBM) achieved 4.4% power conversion 
efficiencies in OPV devices,21 while some current studies report values closer to 5.5% 
after annealing treatments.22 The main effects of annealing is to modify the physical 
arrangements of P3HT and PCBM within the thin film devices, and it is obvious that 
improved molecular packing would lead to a substantial performance increase. OFET 
devices have achieved hole mobilities of 10-4 cm2/Vs were measured for films of 98% 
region-regular (RR) P3HT using time-of-flight technique.23 These milestones are largely 
due to the incremental advancement of synthetic methods that have tailored P3ATs over 
the years as well as their capacity to address a variety of application needs. 
1.3.1 Synthesis 
P3HT was first synthesized by Yamamoto et. al. in 1980 using Grignard coupling 
of 2,5-dihalo derivatives of 3-alkylthiophenes in the presence of Ni(dppp)Br2 catalyst.
24, 
25 Early on, it was found that these conjugated polymers could exist in three different 
regioisomers: head-to-head (HH), head-to-tail (HT), and tail-tail (TT), shown in Figure 
1.3a.  Due to unfavorable steric interactions that prevent aggregation in P3HT molecules, 
the only P3HT isomer to achieve superior π-π stacking ability of adjacent backbones is 
the HT-HT triad isomer with high regioregularity (RR), displayed in Figure 1.3b. Shortly 
after Yamamoto et. al. synthesized and confirmed the presence of these regioisomers, 
other groups followed by synthesizing P3ATs with higher (RR) and longer chain lengths 
in hopes of improving conjugation, molecular packing, and solubility. McCullough and 
Lowe were among the first to report P3ATs with high RR (91%) HT using regioselective 
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synthetic methods.26  Further improvements by Reike, a year later, led to even higher RR 
(98%) of HT-P3HT.27 And before long, very high yields of high RR-P3HT were achieved 
by R. Lowe using simplified Grinard metathesis 28, 29 whereas others worked to improve 
the solubility of P3ATs through the extension of alkyl chains.30 
 
 Regioisomers of P3AT. 
(a) Dyad thiophene isomers consisting of tail-to-tail (TT), head-to-head (HH), and head-to-tail (HT) arranged from top to bottom.  
(b) Thiophene triad isomers consisting of HH-TH, HH-TT, TT-HT, and HT-HT.  
 
1.3.2 P3AT Property/Morphology Characterizations 
Alongside the development of synthetic methodologies were collaborative 
electrochemical, spectroscopic, and microscopic characterizations that provided insights 
into how electronic, optical, and structure/morphologies are impacted by the chemical 
structure and aggregation processes of P3ATs.  
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Electrochemical studies were used to understand the electronic impacts of 
regioregularity, conjugation lengths, and polymer ordering on the electronic properties of 
P3ATs. Trzndel’s electrochemical characterizations of P3AT were among the first studies 
to probe the how structural order could affect oxidation potentials.31 It was found that 
improved RR and π-stacking were critical to achieve the formation of polarons and 
bipolarons, also known as radical cations and dications, respectively. Similar studies by 
Skompska and Szkurlat showed that chain compactness and disorder in short segments of 
P3ATs have lower and higher oxidation potentials, respectively, illustrating the 
importance of aggregation in tuning electronic properties and enhancing charge 
mobilities.32  
Spectroscopy is highly useful for studying varying degrees of intra- and inter-
molecular interactions of π-stacking molecules. Solubilized P3AT molecules are blue 
shifted and appear orange in color, whereas increased aggregation induces the formation 
of a dark purple solution with red-shifted absorption peaks, as shown in Figure 1.4. 
 
 Solubility comparison of P3HT in toluene. 
 
Molecular weight (Mw) and the degree of regiorandomness (RRa) vs RR will also 
have dramatic effects on the optical properties of P3ATs. RRa-P3HT vs RR-P3HT and 
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high vs low MW, in their fully solubilized forms, will have blue and red-shifted 
absorption spectra, respectively, due to varying degrees of order-favoring HT coupling 
interactions.33, 34 Zen et. al. showed that charge transport properties were impacted by 
interchain transport barriers formed in more twisted and disordered conformations at 
different temperatures using UV-Vis techniques.35 They concluded that the backbone will 
become more disordered in lower molecular weight P3HT layers evidenced by blue-
shifting of solid state absorption spectra.  
Changes in temperature will also impact the UV-Vis spectra of P3HT 
dramatically. Higher temperatures unfold P3HT aggregates and cause greater degrees of 
flexibility of the backbone, thereby blue-shifting spectra. Colder temperatures will have 
the opposite effect of inducing more aggregation and planarity of the backbone causing 
red-shifting of spectra.34 
UV-Vis spectroscopy is also well suited to discern more intricate differences in 
the packing orders of P3AT aggregates.36-38 There are two fundamental aggregation 
profiles, H- and J-type, viewable using UV-Vis (Figure 1.5). H-type is formed from 
P3AT nanowhiskers crystallized from bad solvents, which induce fast aggregation; 
whereas, J-type aggregates are crystallized from marginally-good solvents which induce 
slow aggregation. Neighboring Wannier-Mott type excitons interact through Coulombic 
intrachain interactions, are oriented head-to-tail, and are predominately J-type; whereas 
Frenkel excitons interact interfacial, are oriented face to face, and are H-type. 
Furthermore, energy S0  S1 absorption peaks electronic transitions will either be red-
shifted or blue-shifted, respectively for J- and H-type, indicating that interchain 




 H-aggregate and J-aggregate UV-Vis spectrum comparison. 
 
In early studies of RR-P3HT aggregation, Brown et. al. found that the increased 
interchain interactions of this polymer result in a characteristic absorption feature at the 
onset of the π-π* transition, which was misinterpreted as the 0-0 vibronic origin of the 
absorption of an intrachain exciton.39 Later, Spano et. al. proposed that intrachain order 
or planarity of monomers can be distinguished between H- and J-aggregation.36  
Aggregates that are predominately J-type will have a (0-0/0-1) > 1 absorption peak ratio, 
whereas H-type exhibit lower intrachain order and a (0-0/0-1) < 1 absorption peak ratio 









     (1) 
Due to interband mixing, the ratio of line strengths of the 0-0 and 0-1 vibronic 




exciton bandwidth of aggregates, W=4J0, and the energy of the main intra-molecular 




0−1 ratio decreases to become 
more H-like with increasing W, meaning that conjugation length decreases and inter-
molecular interactions increase. On the other hand, an increasing ratio means that there is 
stronger intrachain coupling which favors J-like behavior. 
Accomplishing dramatically different ordering of P3HT nanoaggregates can be 
achieved through manipulation of solubility in various solvents. Ihn et. al. showed using 
transition electron microscopy (TEM) that P3ATs can order into high aspect ratio 
aggregates termed ‘whiskers’ when allowed to aggregate in a poor or marginal solvent.40 
Corresponding electron diffraction patterns verified that the nanowhiskers are π-π stacked 
and longitudinally-spaced (0.38nm) thiophene rings oriented in head to tail layers 
(1.6nm) that are edge-on with respect to the substrate (Figure 1.6). Manipulating the sizes 
of nanowhiskers was achieved by Liu et. al. via solubility properties of different Mw 
P3HTs.41 They were able to crystallize nanowhiskers with controllable widths and 
studied their nanoscale morphologies using TEM.  
 





1.4 Chemical Doping 
Chemical doping is a commonly used practice to improve performances of host 
materials through the introduction of chemical dopant molecules that undergo charge 
transfer reactions with OSM host molecules,42 with major advances since the middle of 
the 20th century.43  In 1977, the groundbreaking work of Chiang, et. al. led to a key 
development in the field of polymer redox chemistry that resulted in an 11-fold increase 
in conductivity when polyacetylene was chemically doped.44 In year 2000, the Nobel 
Prize for Chemistry was awarded for the development of high conductivity in doped 
polymers.44, 45 In recent years there has been a considerable amount of research to explore 
the potential of conjugated materials in order to improve their overall conductivities.4, 46-
52  As of now, doped conjugated polymers have achieved conductivities approaching > 
103 S cm-1 or nearly 109 more conductive than being non-doped.53 
Chemical doping involves the introduction of either an n-dopant (electron donor) 
or a p-dopant (electron acceptor) to a host molecule to facilitate the creation of additional 
charge carriers via a charge transfer reaction. In theory, oxidation and reduction of the 
host and dopant, and vice versa will result in an integer charge transfer. And furthermore, 
the strength and efficiency of this process is determined by the relative energy offset 
between the two reactants whereby the electron affinity (EA) of the dopant must exceed 
the ionization potential (IP) of the host (p-doping), or the IP of the dopant must be 






1.4.1 Charge transfer models  
Conjugated materials may either be p-doped whereby the host molecule becomes 
positively charged, or n-doped, whereby the host material becomes negatively charged.  
This process is facilitated through electron exchange between the dopant and the host via 
a redox reaction which is illustrated in Figure 1.7. One of the most widely studied p-
dopants with high solubility in organic solvents is tetrafluorocyanoquinodimethane (F4-
TCNQ). 
 
 p-Doping scheme of P3HT:F4-TCNQ. 
 
The practice of doping P3HT with F4-TCNQ is relatively straight-forward, 
however many authors disagree about the nature of the charge transfer reaction. Because 
of the many different conformations that the flexible backbone of P3HT can adopt, it is 
expected that there are can many possible varieties of interchain interactions between the 
dopant and host molecules. There are two main charge transfer processes between P3HT 
and F4-TCNQ. These are called integer charge transfer (ICT) or hybrid charge transfer 
(HCT) and each have been the subject of debate for quite some time. Figure 1.8a 
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illustrates that ICT will result from a bound electron/hole pair whereas HCT (Figure 1.8b) 
will result in bound partial charges. For the case of P3HT:F4-TCNQ, the associated hole 
of P3HT may either be Coulombically bound by the F4-TCNQ anion or may dissociate 
freely in the P3HT matrix. Experimental studies by Pingel et. al. suggest that most 
formed charges remain tightly bound.54 Furthermore, a comparison of the measured 
positions of CN vibrational stretch modes to previously published values, also provided 
supporting evidence. However, several DFT studies have successfully calculated stable 
HTC complexes using 4T as a simplified model of P3HT.55-57  Here, the dopant and host 
will form a supramolecular charge transfer complex whose HOMO and LUMO are 
derived from both the neutral P3HT HOMO and the F4-TCNQ LUMO. Furthermore, 
DFT calculations of the charge transfer complex of 4T with F4-TCNQ show that 4T will 
adopt a quinoidal (flat) geometry as it undergoes a partial charge transfer ~0.5e. 55-58 The 
4T molecule will charge deplete to form a partial positive charge character, and the 
F4TCNQ will harvest the extra charge mainly via its highly electronegative cyanide 
functional groups. An example of a computed complex using the methodology described 




 Charge transfer models pertaining to chemical doping of P3ATs 










 Example partial charge transfer complex of 4T:F4-TCNQ using B3LYP with 
London-dispersion corrections. 
 
1.5 Research Summary 
Poly-3-hexylthiophene (P3HT) is one of the most highly regarded test-bench 
polymers, due to its anisotropic properties and relevance in a range of device 
applications. Moreover, neutral or charged motifs, which are the essential building blocks 
of non-doped and doped nanowires, comprise thin conductive films that are commonly 
used at the device scale. However, the limited crystallinity of P3HT impacts charge 
carrier densities and the overall performance of OSM containing devices in comparison 
to semiconductive silicon.59  
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The advantages of offering more details regarding the aggregation mechanism 
would be of great relevance towards rationally designed approaches to device fabrication, 
since the first aggregation steps are likely to impact bulk electronic properties. 
Aggregation and doping are likely to follow the rules of kinetics; therefore, part of this 
work aims to provide information about kinetically determined aggregation and doping 
mechanisms under different reaction conditions, namely, when P3HT polymer molecules 
are either aggregated or unaggregated in the solution phase.  
This investigation employs atomic force microscopy (AFM) and optical UV-Vis 
spectroscopy/kinetics to study the impacts on P3HT aggregation due to aging for both 
doped and non-doped samples. Our first study involved a property/morphology 
characterization of non-doped P3HT using AFM topography and kelvin probe force 
microscopy surface potential measurements.19 This work showed that P3HT will form 
high aspect ratio nanoaggregates termed ‘nanowhiskers’ due to interfacial interactions of 
individually stacked P3HT motifs which will fold in solution phase. Increased aging 
times resulted in further aggregation and led to layering of P3HT motifs stabilized by 
intercalated alkyl chain interactions. When monolayer nanowhiskers are casted onto 
silicon, they appeared more disordered whereas layered P3HT nanowhiskers are more 
ordered. Favorable alkyl-alkyl interactions between P3HT layers are likely the driving 
force for fiber stabilization on surfaces, since evidence suggest that monolayer 
nanowhiskers are more disordered on surfaces. 
Doping of P3HT when fully solubilized substantially increases the rate of 
aggregation and forms tightly packed and smooth nanowhiskers that agglomerate into 
bundled clusters.20 Furthermore, increased concentrations of polymer will lead to faster 
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doping rates. Two aggregation pathways are possible for the formation of non-doped 
P3HT nanowhiskers which involve aggregation either 1) via single chain aggregation or 
2) multichain (motif) aggregation. Doping fully solubilized P3HT will likely involve a 
single aggregation mechanism where single chain P3HT will rapidly fold and nucleate 
due to Coulombic effects between charged species.  
Our investigations then led to investigations into the aggregation dynamics of 
doping P3HT when fully solubilized and pre-aggregated.18 Fully solubilized P3HT will 
dope similar to the previous study via a single reaction 1st order mechanism and is slow, 
whereas a solution containing aggregates and solubilized P3HT molecules will dope via 
two simultaneous 1st order mechanisms. The fast mechanism clearly pertains to doping 
pre-aggregated P3HT and is orders of magnitude faster than the slow mechanism 
involving the doping of solubilized P3HT. A Gaussian-like distribution is proposed to 
improve fitting quality, which is consistent with perceived property variations due to 
different polymer morphologies. 
1.6 Techniques 
1.6.1 UV-Vis Spectroscopy 
UV-Vis absorption spectroscopy is used to obtain P3HT aggregation and doping 
profiles, and when fitted with a rapid kinetic accessory, is also capable of obtaining 
kinetic trend data of reactant and product concentrations at millisecond time resolution. 
Furthermore, UV-Vis is a highly sensitive method for analyzing chromophores of P3HT 
because electronic coupling of inter and intra-molecular π-orbitals are ultimately tied to 
the molecule’s optical properties. Absorption refers to the absorption of photons by a 
sample to promote an electron to a higher energy state, or excited state. Figure 1.10 
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illustrates the process in terms of the Franck-Condon principle which approximates 
electronic transitions via the Born-Oppenheimer Approximation of stationary or slow 
moving nuclei and rapidly moving electrons. 
 
 Franck-Condon Principle of UV-Vis excitations 
Beer’s Law states that the absorbance of a species is directly proportional to its 
concentration. Therefore, concentration measurements can be made at the wavelengths 
where there is the largest change in absorbance per unit. Equation 2 defines the 
absorbance of a solution: 
A = −log10T = log
𝐼0
𝐼
     (2) 
whereby the transmittance, T, of a solution is the fraction of incident radiation 
transmitted by the solution, I0 is the incoming radiation, and I is the amount of 
unabsorbed radiation. Absorbance is also directly proportional to the path length, b, the 
solution and the concentration of the absorbing species such that, 
A = εbc      (3) 
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where ε is the proportionality constant refered to as the molar absorptivity.  Spectra data 
is also tied to the physical conditions of the sample, particularly the solvent and 
temperature.  
1.6.2 Topography Measurements 
Nanoscale surface characterization of OSMs is achievable using AFM due in part 
to its ability to perform non-invasive imaging, even in contact-mode and its ability to 
image in variety of environments ranging from highly controlled vacuum and inert 
environments to ambient environments. Furthermore, AFM can scan ranges from 100 µm 
to nanometers, leading to ultra-precise measurements of molecules, it can image a diverse 
range of materials that range from being conductive to non-conductive, and can be used 
to perform surface manipulations via lithographic methods.  
An AFM instrument includes piezoelectric scanners, force sensors, and feedback 
controls which encompass a feedback loop shown Figure 1.11.60  The piezoelectric 
scanner functions to control the directional movement of a cantilever probe over sample 
surfaces.  Directional manipulation of the probe is carried out by an applied voltage to the 
scanner housing containing a piezoelectric material, typically ceramic, which can expand 
and contract in x, y, and z directions at the angstrom level.  The feedback mechanism 
utilizes a laser and photodiode system is track the positional changes of the probe which 




 Diagram of an atomic force microscopy feedback loop. 
 
AFM uses two primary operating modes: contact mode (c-AFM) and semi-contact 
mode (sc-AFM).  In c-AFM, the tip decreases its distance towards the sample and is 
pulled towards the surface until it makes direct contact with the sample.  Imaging in 
contact mode is also called constant force mode, since the feedback control operates to 
maintain a constant force between the sample and the tip. Lowering the setpoint (a 
specified tip laser deflection setting maintained by the feedback control), lowers the 
cantilever further into the sample. Very low setpoint settings can be potentially invasive 
to samples and may either damage the sample’s integrity or the AFM probe tip, however, 
they are may be also used to measure surface thickness, perform lithography, or gather 
electric-current measurements. 
The second mode, sc-AFM, is non-invasive and provides higher resolution 
topography data due to lower tip wear.  In sc-AFM, a cantilever tip oscillates at its 
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resonant frequency and the feedback mechanism exploits changes in amplitude, via tip-
sample van der Waals interactions, in order to measure the topography of samples. 
1.6.3 Lennard-Jones Potential 
A Lennard-Jones potential (LJP), equation 4, is useful for illustrating tip-sample 
interactions by modeling van der Waals forces of attraction and repulsion. LJP can 
mathematically be described by the equation below, where ε corresponds to the amplitude 
of the potential well, σ is the zero-potential distance, and r is the distance between 
particles. 










]     (4) 
In the scenario where the tip is far away from the sample, the force between the tip and 
the sample will approach the zero-interaction force, σ.  When the tip approaches the 
sample, attractive forces, negative VJL, will dominate.  However, if the tip continues to 
approach the sample past the lowest point of the potential well, repulsive forces, positive 
VJL, will dominate the tip-sample interactions.  In AFM, tip-sample interaction is 
measured by the deflection of the spring-like cantilever that houses the tip.  The tip-
cantilever stiffness, k, is often reported in N/m by the manufacturer, and therefore 
depending upon the z distance the actual force which will deviate from its equilibrium 
position can be calculated via Hooke’s Law, equation 5. Bending of the cantilever will 
result in changes in the angle a laser beam reflected off the back surface of the cantilever.  
Deflection will be measured using a split photodiode array that can track the tip’s 
position using its deflection in the z-direction. 




1.6.4 Electronic Measurements 
Two electronic AFM measurements are highly useful in the characterization of 
conductive films.  These include Kelvin probe force microscopy, KPFM, and conductive 
AFM.  KPFM is a method used to measure surface potential or the contact potential 
difference (CPD), whereas conductive atomic force microscopy measures current 
between the tip and the sample.  KPFM is best explained when describing the two-pass 
technique.  The first pass involves a tip-surface topography measurement using standard 
semi-contact mode describe previously which remains in the memory of the software.  
Afterwards, the second pass retraces at a set lift height to detect the samples electric 
surface potential via an applied voltage bias 𝑉𝑡𝑖𝑝, shown in equation 5, which contains 
both DC and AC voltages: 
𝑉tip = VDC + VAC sin(ωt)     (6) 
𝑉𝐷𝐶 corresponds to the dc offset voltage and 𝑉𝑎𝑐 is the ac voltage at a specified 
frequency (𝑤) which is set far away from the resonant frequency to prevent coupling of 
topographic and electronic signals. When the tip encounters the sample, a net capacitance 
force will be generated as higher energy electrons from the sample “spill-out” to the 
lower energy states of the conductive tip, creating a net charge dipole. The capacitance 
force between the tip and the surface at a potential Vs is: 
𝐹cap =  
δC
δz
(VDC − ∆∅)VACsin (ωt)     (7) 
and ∆∅ will correspond to the workfunction difference between the tip and the sample. 
Measuring the workfunction of a sample locally involves modulating the tip-sample 
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voltage in order to cancel the net charge separation such that 𝐹𝐶𝐴𝑃 = 0 when 𝑉𝐷𝐶 = ∆∅. 
The workfunction of the sample can then be calculated by solving the following equation 
provided that the workfunction of the tip is known: 









 LAYERED POLY(3-HEXYLTHIOPHENE) NANOWHISKERS 
STUDIED BY ATOMIC FORCE MICROSCOPY AND KELVIN PROBE FORCE 
MICROSCOPY 
(This chapter is adapted with permission from Macromolecules, 2015, 48 (9), 
3049–3056). Copyright © 2015 American Chemical Society. 
2.1 Introduction 
Poly(3-alkylthiophene) (P3AT) has gathered intensive research efforts because of 
its excellent electronic properties in various organic electronic applications including 
organic photovoltaics (OPV) and organic field effect transistors (OFET).61-65 Device 
performance enhancements can be achieved by promoting the formation of more ordered 
structures in P3AT films.66-68 Orderly packed P3AT structures demonstrate outstanding 
electronic properties over the amorphous films by improved charge carrier transport 
capability of π–π stacked conjugated polymer chains.41, 66, 69 It has been discovered that 
P3HT forms ordered aggregates through π–π interactions of thiophene backbones and 
Van der Waals interactions from alkyl side chains.64, 65, 70 By manipulating the solubility, 
P3AT molecules can be crystallized into one-dimensional structures such as nanofibers or 
nanowhiskers.40, 41, 69-79  
P3AT nanowhiskers/nanofibers prepared in solution have been characterized by 
TEM, SEM, UV-vis, X-ray diffraction, polarized photoluminescence spectroscopy, and 
AFM.40, 41, 69, 71-79 The most fundamental form among all these P3AT 1D nanostructures 
is the monolayer (ML) nanowhiskers with a width of 15 – 20 nm.41, 69, 73 Polymer chain-
folding and stacking are widely accepted as the packing mechanism with the alkyl side 
groups normal to the main axis of the nanowhiskers. Therefore, it is reasonable to 
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speculate that larger P3AT nanofibers originate by the aggregation of ML nanowhiskers 
in solution. Ordered domains accumulated inside bulk P3AT films may also consist of 
densely packed polymer chains similar to the structures of nanowhiskers.  
The charge transport of conjugated polymeric materials takes place at both the 
intrachain and interchain scales, which are both highly affected by molecular packing and 
local morphology.80  Although the first P3HT nanowhiskers reported were estimated to 
be 3 – 5 nm thick based on wide-angle X-ray diffraction (WXRD) measurements,40  there 
are little studies on the growth of polythiophene nanowhiskers and the interactions 
between the mono- and multi-layer nanowhiskers.41  
One key factor in development of organic electronic devices is the interaction 
between the organic materials and the underneath substrate or electrodes. It has been 
shown that for conjugated polymer devices, charge carrier transport takes place mainly 
within the first few layers.81, 82 Attempts at producing ultrathin film field-effect transistors 
based on multilayered conjugated polymer have yielded mixed results partially due to the 
contact resistance and energy level alignments between the first polymer layer and 
substrate as well as the complex morphology of the films.82-84 The electronic properties of 
P3HT aggregated structures are anisotropic depending on the polymer chain packing 
orientations.64, 65 For example, P3HT thin films could have either “face-on” or “edge-on” 
adsorption configurations on SiO2/Si substrate, and charge transport is preferred along the 
π–π packing axis.66 Orderly packed P3HT nanowhiskers could provide a much more ideal 
model system to study how the morphology and electronic properties of the bulk polymer 
systems are derived from the first few layers. 
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Kelvin probe force microscopy (KPFM) has been used to study electronic 
functional materials by correlating their local surface potentials to local morphologies. 85-
90 Kalihari et. al employed KPFM to study the correlation between local surface potential 
and the epitaxial order of ultrathin pentacene film.91 The surface potential of phase-
separated P3HT-PCBM blend thin film was mapped by KPFM to show the generations of 
photo-induced charge carrier.92 Shao et. al investigated the charge carrier recombination 
dynamics of bulk heterojunction OPV devices using intensity-modulated KPFM at sub-
millisecond time scales.93 Recently, Baghgar et. al demonstrated that the surface potential 
of cross-linked (P3HT-b-P3MT) di-block conjugated polymers are heavily impacted by 
the morphology of their nanostructures.94 However, to date little has been known about 
the correlation between the electronic properties such as work function and the nano-
morphology of pure P3HT ordered aggregates.    
In this present work, we study the local morphologies of layered P3HT 
nanowhiskers by AFM. Measurements of the local contact potential difference (CPD) of 
P3HT nanowhiskers are also compared to their nano-morphologies using KPFM. ML 
nanowhiskers adsorbed on silicon substrates are much wider than the double-layer (DL) 
nanowhiskers, suggesting possible molecular packing irregularities between the π–π 
stacked polymer motifs. The double-layer and triple-layer structures show more orderly 
packing and are likely due to the stabilization effect of interfacial alkyl-alkyl interactions 
between P3HT layers. Overlapped, deformed, and triple-stacked nanowhiskers show 
substantially higher local CPD than straight monolayer and double-layer nanowhiskers.  
We believe that our combined AFM and KPFM study of P3HT nanowhiskers will shed 
light on the correlations of molecular packing, local adsorption environments, and 
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electronic properties of conjugated polymer 1D aggregates that might be difficult to 
resolve in thin film devices. 
2.2 Materials and methods 
Materials: Regioregular (r-Re) P3HT (Mn = 70.5 kDa, PDI = 1.7, H-T 
regioregularity > 98%) and 99.9% toluene assay were purchased from Sigma Aldrich. 5 × 
7 mm silicon wafers were purchased from Ted Pella, Inc. Si wafers are cleaned by 
sequential sonication for 30 min in acetone, chlorobenzene, and methanol, respectively. 
After cleaning they are dried under a flow of compressed ultra-high purity nitrogen.  
Sample Preparation:  A 2 mg/mL P3HT stock solution is prepared by heating the 
mixture in toluene at 90 oC until a transparent orange solution is formed.   The solution is 
allowed to cool at a rate of 1 oC/min and is left overnight in dark at room temperature.  
During the cooling process, the color of the solution changes from transparent orange to 
dark purple.  Aged P3HT is then centrifuged for an hour at approximately 3300 rpm and 
the supernant is extracted for casting on Si wafers. The deposition of P3HT aggregates on 
Si is achieved by immersing the Si wafer in the supernant for 10 seconds, and then two 
rinses are conducted by immediately immersing the substrate for 1 minute into 2 vials 
containing toluene sequentially.  After removal from the final rinse, the substrate is again 
dried under a flow of compressed ultra-high purity nitrogen. 
AFM and KPFM: All AFM measurements are carried out using an NTEGRA 
Prima AFM from NT-MDT. Topography measurements are taken under semi-contact 
mode using microfabricated silicon tips (NT-MDT) with a resonant frequency of 47-76 
kHz and a spring force constant of 1.2-6.4 N/m. KPFM images are recorded in single-
pass phase modulation mode using TiN coated tips from NT-MDT with a resonant 
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frequency of 47-90 kHz and a spring force constant of 1.2-6.4 N/m. A bias is applied to 
the AFM tip, 𝑉𝑡𝑖𝑝 = 𝑉𝐷𝐶 + 𝑉𝐴𝐶sin (𝜔𝐴𝐶𝑡), where 𝑉𝐷𝐶 is the DC offset voltage, 𝑉𝐴𝐶 is the 
AC voltage applied at frequency of 𝜔𝐴𝐶. Typically 𝜔𝐴𝐶 is selected far away from the tip 
resonant frequency to minimize the coupling between the topographic and electronic 
measurements. A lock-in amplifier is used to extract the electrostatic force modulated at 
frequency 𝜔𝐴𝐶, 𝐹𝜔𝑎𝑐 =
𝜕𝐶
𝜕𝑧
(𝑉𝐷𝐶 − ∆𝜙)𝑉𝐴𝐶 sin(𝜔𝑡), where ∆𝜙 is the work function 
difference between tip and sample. 𝐹𝜔𝑎𝑐  is nullified when the feedback controller sets 
𝑉𝐷𝐶 = ∆𝜙, which measures the local CPD. When using the same scanning tip, the CPD 
measurements can be used to directly compare the relative values of the local work 
function without calibration of the exact work function of the tip. 
2.3 Results and discussion 
After the P3HT is fully dissolved in toluene under heating, a 2 mg/mL solution is 
gradually cooled down to room temperature and aged in the dark for 24 hours. The 
supernant is then used for dip-casting of the P3HT aggregates onto a Si wafer. Figure 
2.1a shows an AFM topography image of the resulting dip-casted Si substrate. The most 
prominent features are the thin and elongated fibers with topographic heights of less than 
a few nanometers.  These P3HT fibers will be called “nanowhiskers” from now on in 
order to differentiate from larger sized P3HT “nanofibers” and to remain consistent with 
previously reported results.41, 64, 69, 73 One interesting observation is that these 
nanowhiskers are not uniform in terms of height and width.  Rather, they can be 
classified into at least two groups based upon their topographic heights.  The first group 
of lower nanowhiskers show topographic heights of 1 – 2 nm, displayed in dark orange 
color, while the second group of higher nanowhiskers have topographic heights of much 
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more than 2 nm, displayed as bright yellow to white colors.  Besides their height 
differences, the higher fibers are narrower and relatively straight, while the lower fibers 
are wider and have a greater chance of showing kinks and curvatures.  
 
 AFM surface topography image of P3HT ML/DL nanowhiskers and 
corresponding morphological histograms comparing heights and widths of monolayer 
and double layer 
(a) AFM topography image of P3HT nanowhiskers on Si wafer. The height range is 5 nm as displayed in the z scale bar. (b) The 
height histogram of the monolayer (ML) and double-layer (DL) nanowhiskers. (c) The width histogram of the ML and DL 




A higher resolution AFM topography image of P3HT nanowhiskers on Si wafer is 
displayed in Figure 2.2a with clearer height and width differences between the two 
groups of nanowhiskers. Figure 2.2b demonstrates cross-section profiles of some 
nanowhiskers marked with dotted lines from Figure 2.2a. The peak heights of the lower 
nanowhiskers are generally 1.2 – 1.6 nm, similar to the height of the ML P3HT 
nanowhiskers reported.69, 71-73 The most plausible molecular packing model for ML 
nanowhiskers is the “edge-on” packing with the polymer chains folded and π–π stacked 
along the main axis of the nanowhiskers, as illustrated in Figure 2.3.66, 69 According to 
electron diffraction and DFT studies, the theoretical height of a “edge-on” monolayer in 
P3HT single crystal is 1.6 nm with the alkyl side chains fully extended on both sides of 
the polythiophene backbone.95 
The peak heights of the higher nanowhiskers are generally 3 nm, roughly the 
heights of two “edge-on” monolayer vertically stacked together. We believe that the 
lower nanowhiskers are ML nanowhiskers and the higher nanowhiskers are double-layer 
(DL) nanowhiskers. For example, the nanowhisker (1) in Figure 2.2a appears to be 
another layer of P3HT on top of a continuous extension of the ML nanowhisker (7). The 
cross-section profiles (1) and (7) are presented at the bottom of Figure 2.2b in blue color. 
The peak heights of the lower nanowhisker (7) and higher nanowhisker (1) are 1.46 nm 
and 3.04 nm, respectively. This 1.58 nm height difference matches the reported height of 
P3HT monolayer structures,69, 95 suggesting that the higher nanowhiskers are formed by 
stacking one monolayer of P3HT on top of the ML nanowhiskers. In general the DL 
structures appear to attach to the first layer nanowhiskers very well because there is no 




 Close-up AFM topography image of P3HT nanowhiskers and corresponding 
height cross-sections. 
(a) AFM topography image of P3HT nanowhiskers on Si wafer. The height range is 5 nm. (b) Some typical cross-section profiles of 
monolayer (ML) and double-layer (DL) nanowhiskers as marked by dotted lines in (a). The profiles (1) and (7), originate from the 
same nanowhiskers, are colored blue. 
 
The height distribution of all nanowhiskers is analyzed and the histograms are 
plotted in Figure 2.1b. The most probable heights of ML and DL nanowhiskers are 1.07 
nm and 2.66 nm, respectively, both slightly lower than the peak heights of the 
nanowhiskers shown in Figure 2.2a. Again, this 1.59 nm difference between the peak 
height distribution of the ML and DL nanowhiskers matches the 1.6 nm height of single 
P3HT layer, further confirming that the existence of P3HT DL nanowhiskers. One thing 
to note is that a small fraction of the ML nanowhisker area also shows heights of more 
than 2 nm, which is illustrated as the tailing of the ML height histogram into the range of 
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2 – 3 nm. This is likely due to occasional absorptions of P3HT molecules on top of the 
monolayer structures. 
The width disparity between ML and DL nanowhiskers is clearly visible in both 
topography images, Figure 2.1a and Figure 2.2a. The width histograms of the two groups 
of nanowhiskers are plotted in Figure 2.1c. The width of ML nanowhiskers is 46.8 ± 8.0 
nm, slightly larger than the 40 nm measured by AFM reported by Guo et. al.69 On the 
other hand, the DL nanowhiskers are about 15 nm narrower than the monolayer ones, 
showing an average width of 31.5 nm. It is known that the width measurement from 
AFM is directly impacted by the shape of the scanning AFM tip, which is called tip 
convolution effect.96 By hypothesizing the apex of the AFM tip with a simple hemisphere 
on cone configuration, we have calculated the theoretical AFM topographic profiles over 
rectangular features with various heights and widths (The details of the calculation are 
shown in the supporting information). It should be noted that the models of AFM tip and 
rectangular sample shape assumed here are very crude approximations, as the real 
morphology of the nanowhiskers and tip could be much more complicated. Nevertheless, 
the calculation based on this approximation should be sufficient for a qualitative 
conclusion: Under the same AFM tip and scanning condition, a higher feature would 
appear wider than a lower feature with the same actual feature width because of the tip 
convolution effect.  
According to the calculated tip convolution effect, if the ML and DL 
nanowhiskers have identical widths, the ML nanowhiskers show appear slightly narrower 
by comparison, which is contrary to our experimental result in which the ML 
nanowhiskers are consistently wider. Another possible measurement variation resulting 
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from AFM measurement, although unlikely, is that the ML nanowhiskers are not 
stationary on Si, i.e., they keep moving at a time scale faster than or comparable to that of 
the AFM scanning rate. These quick motions would blur the measured contour of the 
nanowhiskers, making them appear wider in the topography image. However, the AFM 
images obtained here appear sharp without streakiness in the fast scanning direction, a 
signature of disturbance from mobile features on the surface in scanning probe 
microscopy.97 In summary, we believe that the ML nanowhiskers are actually more than 
15 nm wider than the DL nanowhiskers after adsorption on Si wafers.  
Although the exact origin of the polymer chain folding is not clear, deformations 
resulting from defects in the polymer chain remain a possible explanation. Since the 
growth time of ML nanowhiskers is on the order of hours, it is very unlikely that the 
second layer would form on top of the adsorbed ML nanowhiskers during the casting 
process that has a time scale of seconds. Both ML and DL nanowhiskers are probably 
pre-formed in solution and there are three possible growth mechanisms for the DL 
nanowhiskers: (I) Direct fusion of two pre-formed ML nanowhiskers, (II) the second 
layer grows gradually on top of a ML nanowhisker, and (III) the two layers grow 
simultaneously along the b axis of the nanowhisker. Some of our results suggest that 
mechanism (II) is the more probable growth mechanism. Firstly, various sizes of second 
layers are observed on top of the ML nanowhiskers, likely snapshots of different stage of 
the second-layer growth.  Secondly, the numerous kinks and turns observed in the ML 
nanowhiskers would make it difficult to fuse two pre-formed ML nanowhiskers together 
perfectly, resulting in a mismatch between the first and second-layer structures in DL 
nanowhiskers. Examples of the mismatches include derailings or loops of the second-
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layer structures.  However, there is no observation of any layer mismatching in all DL 
nanowhiskers, inconsistent with the direct fusion mechanism. 
There could be a few possible reasons to the width disparity between ML and DL 
nanowhiskers. Firstly, the molecular weight of the polymer could impact the width since 
higher molecular weights translate into longer polymer chains. The dependence of the 
width of P3HT nanowhiskers on their Mn has been investigated in multiple studies by 
TEM.40, 41, 73 The consensus is that the width remains 14 – 20 nm as long as the polymer 
chain length is longer than the 14 nm threshold. This P3HT’s number-average molecular 
weight (Mn = 70.5 kDa) measured by GPC is typically overestimated from polystyrene 
standard and should be corrected by a factor of about 2.0.41, 73, 98, 99 The corrected Mn of 
35.3 kDa equals to a contour length of 83 nm. So even considering the fractionation 
effect, the polymer contour lengths in the supernant here are still likely longer than the 14 
nm threshold. The ~15 nm width deviation between ML (46.8 ± 8.0 nm) and DL (31.5 ± 
5.4 nm) nanowhiskers observed here is much larger than the width fluctuation of a few 
nanometers previously reported and cannot be directly explained by polymer chain length 
differences. Han et. al. compared the width measured by TEM and AFM for P3HT ML 
nanowhiskers, and found that the AFM results are in the range of 28 – 33 nm, while TEM 
readings are 13 – 17 nm, consistent with the tip convolution effect discussed above.73 In 
our experiment, the 31 nm width of DL nanowhiskers measured by AFM is consistent 
with the previous AFM and TEM results, suggesting that the DL nanowhiskers are 
probably packed in a similar way as the literature results.40, 41, 73 The second possible 
explanation for the width disparity is that ML and DL nanowhiskers have different nano-
morphologies. It has been reported that polythiophene could form different packing 
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motifs in similar self-assembly processes.79, 100 During the aggregation process, the higher 
molecular weight polymer may aggregate first due to having a poorer solubility than the 
lower molecular weight fractions. It is possible that longer polymer chains aggregate into 
one kind of structure while the shorter polymer chains assemble with a different kind of 
packing arrangement. Besides of the impacts of molecular weight, it is also likely that 
equilibriums between different types aggregates and extended polymer chains exist in 
solution. ML and DL structures may compete or even interconvert between each other at 
different stages of the self-assembly process by sharing the common reactant, extended 
polymer chains. The third explanation is that the ML nanowhiskers undergo structural 
rearrangements during and after adsorption on the substrate. One of the plausible ML 
rearrangements is the sliding of π–π stacked polymer motifs in the c lattice direction. In 
solution, the polymer chains probably fold in a similar manner so that the DL and ML 
nanowhiskers have comparable widths. Both π–π and alkyl-alkyl interactions 
synergistically hold the folded polymer chains together as well as pack the neighboring 
motifs from different polymer chains along the b lattice direction. The spacing between 
P3HT chains arranged in the lamella packing of “edge-on” nanowhiskers is around 0.34 – 
0.40 nm,79, 95 suggesting that weaker π–π stacking exists between adjacent polythiophene 
chains. There have been a few theoretical studies on the shifting of conjugated polymer 
motifs, particularly polythiophene motifs, along the c lattice direction for less than half 
the lattice unit cell length.101, 102 It is reasonable to expect π–π stacked polymer chain 
motifs in ML nanowhiskers are shifted by a few unit lengths of c lattice direction in order 
to maintain the maximal π wavefunction overlap. The choice of solvent, temperature, and 
substrate can play important roles in the absorption and solvent drying processes of 
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nanowhiskers on the substrate, which may also influence the polymer chain motifs’ 
sliding dynamics. In ML nanowhiskers, although the thiophene backbones are tightly 
stacked, the alkyl side chains that cover the surface of the nanowhiskers can still interact 
with solvent molecules in solution. This alkyl chain-solvent interactions may bring 
structural fluctuations that decrease the degree of π–π stacking for thiophene backbones. 
This decrease in the stabilizing effects of π–π stacking will likely increase the number of 
structural rearrangements in the ML nanowhiskers.  For the case of DL nanowhiskers, the 
alkyl chain-solvent interactions will be replaced by alkyl-alkyl interfacial interactions for 
one side of each individual nanowhikser monolayer. So the overall solvent-induced 
fluctuation effects would be much weaker for DL nanowhiskers, resulting in a more 
regular molecular packing arrangement.  
Figure 2.3b shows the possible packing model of ML and DL nanowhiskers. The 
sliding of π–π stacked motifs substantially widens ML nanowhiskers, as illustrated in 
Figure 2.3c. One by-product of the ML structural rearrangement is that there may be 
numerous occasions of polymer chains or small polymer chain aggregation motifs 
sticking out from the edge of the ML nanowhiskers, which are also observed in a high 
resolution AFM topography images (Figure 2.2). The DL nanowhiskers, on the other 
hand, are capable of maintaining its structural integrity because of the overlap of two 
monolayers of P3HT that maximizes the interfacial alkyl-alkyl interactions along the b-c 
lattice plane. This implies that the nanowhisker-nanowhisker interfacial interaction is 




 P3HT lamella schematic of polymer chain sliding due to substrate effects. 
(a) Schematic of the P3HT polymer rigid motif. (b) Schematic of the polymer chain packing for the ML and DL nanowhisker. In the 
case of DL nanowhisker, the sliding of π–π stacked polymer motif is significantly inhibited by the alkyl-alkyl interactions between 
two monolayers of polymer nanowhiskers. (c) The top view of the ML and DL nanowhisker, the nominal width of the monolayer 
nanowhisker increases because of the sliding of the π–π stacked polymer motifs. The non-rigid parts of polymer chains are not 
illustrated in these schematics for simplicity. 
 
The measured height of the ML nanowhiskers is slightly less than both the 
theoretical height of one P3HT monolayer and the height difference between the 1st layer 
and 2nd layer observed here. The alkyl chains in the monolayer may tilt or deform in the 
lamella packing and reduce their apparent heights when interacting with the rough Si 
surface. The 1.6 nm height of the 2nd layer indicates it may adopt a more regular and 
normal “edge-on” lamella packing on top of the 1st layer.  shows an example of the 
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overlap of two ML nanowhiskers as marked by the dotted lines. The corresponding 
height profiles along the marked lines are shown in the inset. The overlap shows a similar 
height as that of a DL nanowhisker, further confirming that DL nanowhiskers are formed 
by stacking two monolayers. In Figure 2.4, the ML nanowhiskers show many internal 
grain-like features, which may suggest folded polymer chains or small aggregations of 
them.103 Interrogating the internal structure of the nanowhiskers at spatial resolution of < 
1 nm would address these questions; however, this is beyond the scope of this paper and 
the capability of our current instrument.  
KPFM is employed to study how the layered structures and various nano-
morphology of P3HT nanowhiskers will affect the local electronic properties. As an 
advanced electronic mode of AFM, KPFM detects both the topography and contact 
potential difference (CPD) between the surface and the conductive scanning tip. In this 
work, 1-pass phase-modulation KPFM, which provides superior spatial resolution and 
CPD sensitivity over the 2-pass lift-off KPFM,104-106 is used to investigate the topography 
and contact potential difference (CPD) of the nanowhiskers, as displayed in Figure 2.5a 
and Figure 2.5b, respectively. Figure 2.5a shows the AFM topography image of P3HT 
nanowhiskers on Si wafer prepared from a P3HT solution aged for 3 weeks. Figure 2.5c 
show the cross-section profile marked with the dotted line in Figure 2.5a. This profile 
displays three nanowhiskers with distinct heights for ML, DL, and triple-layer (TL) 
structures. It appears that most nanowhiskers take the forms of DL and even TL in 
solution after the long aging process, as there are only four ML nanowhiskers can be 
seen, marked by white arrows in Figure 2.5a. This implies that the layered structures are 
more thermodynamically stable in solution than the ML structures, likely due to the 
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interfacial interactions between P3HT layers. Because Figure 2.5a is acquired by a 
conductive AFM tip with a tip radius of about 20 nm, the higher DL and TL features may 
be more susceptible to the tip convolution effect and appear even wider in the topography 
image. 
 
 High-resolution AFM topography image of P3HT nanowhiskers on Si wafer. 





 AFM topography and surface potential images with corresponding height 
cross-sections and CPD histogram. 
(a) AFM topography image and (b) KPFM image of P3HT nanowhiskers on Si. The z scales in (a) and (b) are 8 nm and 0.32 V, 
respectively. (c) The cross-section profile marked with the dotted line in (a). (d) Histograms of contact potential difference (CPD) for 
monolayer nanowhiskers (ML), double-layer nanowhiskers (DL), and triple-layer nanowhiskers or overlapped nanowhiskers (TL). 
 
In Figure 2.5b, the nanowhiskers show a higher CPD than the underneath Si 
wafer,94, 107 which is qualitatively consistent with the work function difference between 
bulk P3HT (~3.9 eV) and Si (~4.6 eV).108 KPFM only detects the electronic properties of 
the sample; therefore, the two prominent round features and many small scattered 
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features in the topography image (Figure 2.5a) show no CPD contrast in the matching 
KPFM image ((Figure 2.5b). This not only implies that they are not P3HT but also 
demonstrates the excellent selectivity of KPFM for local measurements of electronic 
properties. The morphology of the ML nanowhiskers in (Figure 2.5a is not as well 
defined, suggesting possible structural changes due to the effects of a longer aging time. 
However, KPFM can clearly resolve all P3HT structures including ML nanowhiskers, as 
marked by the white and black arrows in Figure 2.5b, respectively.  
Interestingly, the CPD of the nanowhiskers are not uniform, ranging from 120 mV 
to 250 mV. Here, the nanowhiskers are classified into three groups: Monolayer (ML), 
double-layer (DL), and triple-layer or overlapped nanowhiskers (TL) which show the 
highest topographic heights. The CPD distributions for these three groups of P3HT 
nanowhiskers are plotted in Figure 2.5d. The histograms show no obvious difference 
between the CPD of ML and DL nanowhiskers, while the CPD of TL regions are on 
average ~40 mV higher than both ML and DL nanowhiskers.  It should be noted this 
difference is only a statistic trend, as the CPD values for ML, DL, and TL nanowhiskers 
have broad distributions and overlap substantially.  
In KPFM measurements a conductive tip is used to detect the Coulomb 
interactions between the sample and the tip. Because the long-range nature of 
electrostatic forces, and the relatively large size of the conductive AFM tip (typical tip 
radius of 20 nm), the spatial resolution of 1-pass PM-KPFM is limited to about 10 nm 
unless an ultra-sharp tip such as a long single-wall carbon nanotube is used.105 This 
relatively large detection range of KPFM suggests that the electrostatic forces from the 
imminent neighboring regions might contribute and dilute the detected CPD value for 
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nano-sized features.105, 107 Li et. al. simulated the impacts of feature sizes on the 
measured CPD value.  They show that if the feature size is comparable to or larger than 
the tip radius, the measured CPD value reaches the true CPD value at the most center 
region of the feature.  If the feature size shrinks, the measured CPD value at the most 
center region drops because more blank substrates are included in the KPFM 
measurements.105 This phenomenon can explain the lower CPD values acquired at the 
edge of the nanowhiskers, as shown in Figure 2.5b. Although the actual tip radius and 
apex morphology is unknown, the CPD comparison of features with matching sizes, 
particularly the nanowhiskers in our study, is still sufficient for a qualitative 
understanding of the effects of nano-morphology on the local electronic properties. In 
this work, the Si substrate could also have substantial influences on the charge 
distribution of adsorbed P3HT nanowhiskers. Because of the work function difference 
between P3HT and Si, there should be a surface dipole pointing from P3HT to the Si 
substrate.  The net effect of this dipole may decrease the measured CPD values for the 
ML nanowhiskers. For the second- and third-layer, the surface dipole effect should 
diminish gradually.  
Another more significant factor that may influence the CPD is the molecular 
packing of the nanowhiskers. In Figure 2.5b the nanowhiskers show higher CPD values 
where sharp curvatures, kinks, and overlaps take place. It is possible that the one-
dimensional π–π stacking is more disrupted when the nanowhiskers are forced to change 
directions or deformed, and the shortened π–π stacking lengths would lead to higher 
HOMO–LUMO energies. When two nanowhiskers overlap, the bottom nanowhisker 
could have smaller degree of structural changes while the one on top would deform more. 
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The impacts of deformation on local CPD can be clearly seen for the ML, DL, and TL 
nanowhiskers marked by the dotted line in Figure 2.5a. Among the three nanowhiskers, 
the TL one shows the lowest CPD, while both the ML and DL nanowhiskers show 
elevated CPD. One possible explanation is that these three nanowhiskers overlap with the 
long nanowhisker (parallel to the dotted line) differently: the TL one may be in the 
bottom of the overlap and could have little structural deformation, while the ML and DL 
ones are on top of the long nanowhiskers and experience substantial packing disruptions. 
Although this could explain why most of the nanowhisker overlaps show higher CPD 
values, there are still some exceptions that call for more studies to clarify the correlation 
between the molecular packing, local absorption environment, and local surface 
potentials. 
2.4 Conclusion 
P3HT ML, DL, and TL nanowhiskers self-assembled in solution are deposited on 
Si and studied by AFM and KPFM. The ML nanowhiskers are substantially wider than 
the DL ones and show rougher edges probably because of the sliding of π–π stacked 
motifs. On the other hand, the sliding of π–π stacked motifs is largely inhibited by 
interfacial alkyl-alkyl interactions between two layers within DL nanowhiskers. Our 
results are likely the first experimental observation of the sliding of π–π stacked 
conjugated polymer motifs, although this topic has been discussed in a few theoretical 
studies. Further aging of the P3HT solution appears to convert ML nanowhiskers into DL 
and even TL nanowhiskers. KPFM is carried out to investigate how the electronic 
properties of nanowhiskers are affected by their molecular packing and local 
environment. In general, nanowhiskers show slightly higher local CPD values where 
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there are more P3HT layers, overlaps, or sharp curvatures. The CPD value shifts are 
attributed to a combination of local environmental impacts, alternation in π–π stacking 
lengths, and local structural deformations. This study also offers new insights of self-
assembly, molecular packing, and structure-property relationships for conjugated 
polymers that are not just limited to polythiophene polymers. For example, similar π–π 
and alkyl-alkyl interactions have been deemed the driving force for the self-assembly of 
poly[N-9”-heptadecanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-
benzothiadiazole)] (PCDTBT) nanofibers through solvent-induced crystallization.103 
More studies are currently underway to explore the possibility of controlling the sliding 
of π–π stacked motifs within aggregated conjugated polymer nanostructures and to 
further correlate the local electronic properties with various molecular aggregated forms 
of conjugated polymers. 
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 THE AGGREGATION OF POLY(3-HEXYLTHIOPHENE) INTO 
NANOWIRES: WITH AND WITHOUT CHEMICAL DOPING 
(This chapter is adapted with permission from J. Phys. Chem. C, 2017, 121 (8), 
4740–4746. Copyright © 2017 American Chemical Society. 
3.1 Introduction 
The properties of the conjugated polymer based organic electronic devices are 
significantly affected by how the conjugated polymer chains pack and aggregate.3, 109, 110 
This has been employed to enhance their performance by changing the molecular packing 
via altering the device fabrication or physical treatment parameters including solvent, 
temperature, deposition methods, and annealing conditions.110-115 Conjugated polymers, 
including poly(3-hexylthiophene) (P3HT), may form highly ordered 1D aggregates that 
are commonly described as nanowhiskers, nanowires, or nanoribbons, in the early stage 
of the aggregation process.19, 41, 64, 69, 76, 79, 116 Recent advances in assembling of P3HT 
into nanowires/nanofibers and applying them towards optoelectronic devices such as 
organic field effect transistors (OFET) and organic photovoltaics (OPV) has been nicely 
summarized in a few review articles.117-119 For example, mobility of P3HT OFET is 
improved by more than 20 times to 3.4 × 10−2 cm2/Vs through a solvent treatment that 
induces the formation of nanowires.120 The P3HT nanofiber/PCBM OPV devices have 
been shown to achieve a PCE of ~3.9% without the need of post-annealing treatments.121, 
122  
The conjugated polymer thin film is typically composed of disordered and 
ordered domains at micron or sub-micro scales, while interconnections between ordered 
domains are critical for the macroscopic transport of charge carriers.115 It has been 
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hypothesized that most interconnections are segments of polymer chains that function as 
tie molecules between ordered domains.115, 123 So far, there is little direct observation of 
these linking segments from microscopic techniques. 
Another way to adjust the properties of the conjugated polymers is to add 
chemical dopants that n-dope or p-dope the host molecule through oxidation or reduction, 
respectively.4, 124 Doping reaction dramatically increases the charge carrier density, which 
in turn improves the conductivity of the doped materials. Although the majority of 
current organic semiconductor devices are non-doped, chemical doping of organic 
materials is attracting increased attention and is expected to play an important role in 
enhancing electronic properties of the doped materials with various dopant species and 
doping levels.4, 47, 48, 51, 52, 55, 124-129 For instance, the conductivity of P3HT film can be 
improved by several orders of magnitude after being p-doped with 7,7,8,8-tetracyano-
2,3,5,6-tetrafluoroquinodimethane (F4-TCNQ).
55 There are also some attempts to further 
improve the performance of conjugated polymer nanowires through chemical doping. 
Recently the hole mobility of P3HT nanowires has been improved by at least one order of 
magnitude via thermal annealing and chemical doping by 1 wt% F4-TCNQ.
130 The 
conductivity of P3HT/F4-TCNQ composite nanowires has been shown to be 2 – 4 orders 
of magnitude larger than the matching P3HT/F4-TCNQ films, demonstrating the 
superiority of nanowire-based devices over the traditional bulk film devices.131 
In chemical doping, the addition of dopant molecules also changes the 
morphology of the doped materials. A shift of π-π stacking distance has been observed 
for P3HT:F4-TCNQ films in XRD and electron diffraction measurements, explained as 
the effect of intercalation of F4-TCNQ into P3HT packing.
132-134 Solvent choices have 
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been shown to affect the degree of aggregation of the doped P3HT:F4-TCNQ films.
135 
Conductive AFM is employed to identify the heterogeneous distribution of doping sites 
in P3HT:F4-TCNQ films.
136 So far, there are limited pioneering research efforts on the 
nanostructures of the doped materials.38, 58, 137 Gao et. al. studied the effects of chemical 
doping on P3HT aggregates.58 Their Raman resonance studies reveal that the amount of 
pristine P3HT aggregates decreases as the concentration of F4-TCNQ increases in the 
doped film.  
3.2 Materials and methods 
The π-π stacked 1D nanostructures are among the most basic units of conjugated 
polymer aggregates and are suitable for microscopic studies because their morphologies 
can be readily resolved by atomic force microscopy (AFM) and electron microscopy 
techniques.19, 41, 69, 76, 79, 116 Here we investigate the aggregation kinetics and morphologic 
evolution of non-doped and F4-TCNQ p-doped P3HT 1D nanoaggregates using a 
combination of optical absorption spectroscopy and AFM. A detailed morphological 
analysis reveals formations of linear multi-chain/single-chain aggregates in the early 
aggregation stage of non-doped P3HT at relatively higher concentrations. These early 
aggregates then further assemble into more ordered nanowhiskers with numerous 
potentially interconnecting segments protruding from the edges of the fibers. Special 
attention is devoted to the aggregation rate, as this important aspect of the aggregation 
processes for conjugated polymer is often overlooked. It is demonstrated that p-doping by 
F4-TCNQ leads to a substantial acceleration of P3HT aggregation in solution phase, and 
the resulting doped nanostructures show distinctive morphological characteristics from 
the non-doped nanowhiskers.  
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Dissolving P3HT in a marginal solvent such as toluene with mild heating yields a 
fully dissolved bright orange solution, whose Vis/NIR spectra acquired immediately after 
cooling to room temperature is shown as the black solid line in Figure 3.1 (a). As the 
solution ages at room temperature, it gradually turns dark purple with emergence of two 
absorbance peaks at 615 and 565 nm, attributing to 0-0 and 0-1 transitions of P3HT 
aggregation via π-π stacking.36, 37, 138 The evolutions of the Vis/NIR spectra during this 
aggregation process for 200 μg/mL and 30 μg/mL P3HT in toluene are shown in Figure 
3.1 (a) and Figure 3.1(b), respectively. At 30 μg/mL, P3HT shows little absorbance 
around 600 nm even after aging for 24 hours. 
When 5 wt% of F4-TCNQ, a p-dopant, is added to a freshly dissolved P3HT 
solution, new absorbance bands centered at 768 nm and 850 nm that correspond to the 
doping products of both P3HT polaron/bipolaron and F4-TCNQ anion start to form, as 
displayed in (c) and (d). 127, 139 More interestingly, the addition of F4-TCNQ increases the 
rate of P3HT aggregation as the intensity of 565 nm and 615 nm aggregation peaks grow 
substantially. This doping-induced aggregation appears to proceed faster at higher 
concentration of P3HT under the same doping ratio, as the 5 wt% doped 200 μg/mL 
P3HT solution shows significant aggregation (615 nm and 565 nm) and doping product 
absorbance bands within 30 min in Figure 3.1 (d). The trend lines of 615 nm absorbance 
versus time with or without dopant for 30 μg/mL P3HT and 200 μg/mL P3HT in toluene 
are shown in Figure 3.1 (e) and Figure 3.11(f), respectively. When F4-TCNQ is added, 
the 615 nm absorbance increases substantially faster than the corresponding non-doped 
solutions, indicating the addition of dopant promotes the formation of π-π stacked P3HT 
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aggregates in solution. Also, the 30 μg/mL doped solution shows an initial induction 
period that is not observed for the more concentrated 200 μg/mL doped solution. 
 
 Time-lapse Vis/NIR spectra of P3HT doping in the solution phase. 
(a) 30 μg/mL P3HT in toluene solution, (b) 200 μg/mL P3HT in toluene solution, (c) 5 wt% F4-TCNQ doped 30 μg/mL P3HT in 
toluene solution, and (d) 5 wt% F4-TCNQ doped 200 μg/mL P3HT in toluene solution. (e) and (f) Plots of the 615 nm absorbance 
versus time for the 4 solutions in (a-d).  The 30 ug/mL samples in (a), (c), and (e) are measured in a 10 mm cuvette, and the 200 




The morphologies of P3HT aggregates are further analyzed by AFM. Figure 3.2(a 
– c) show topography images of the P3HT aggregates obtained from dip-casting Si 
wafers in 30 μg/mL P3HT in toluene after it is cooled to room temperature for 10 min, 6 
h, and 24 h, respectively.  
While there are no P3HT aggregates observed at 10 min, some isolated P3HT 
monolayer nanowhiskers are observed at 6 h, and more nanowhiskers, including some 
double-layer ones, are observed at 24 h. The morphologies of these monolayer and 
double-layer nanowhiskers are very similar to what we have reported previously.19 The 
trend of increasing coverage of P3HT nanowhiskers over time in AFM results is 
consistent with the P3HT aggregation trend observed in the Vis/NIR measurements. 
AFM images of P3HT aggregates resulting from being dip-casted in 200 μg/mL 
P3HT solution at various aging times are shown in Figure 3.2 (d–f). Prepared from a 
more concentrated P3HT solution, numerous isolated linear or branched narrow features 
with lengths of 40 – 150 nm and widths of < 10 nm are evenly distributed in the bare 
areas of Figure 3.2(d–e). A higher resolution AFM image of the 1 h sample is also shown 
in (a). Due to the tip convolution effect (typical tip radius of ~ 8 nm), the actual widths of 
these isolated features are estimated to be much narrower than the measured width. 
Figure 3.2 (d) shows the height cross-section profiles along the marked dotted lines in 
Figure 3.2 (a–c). The isolated polymer piece near the center of profile 1 has a height of 
~1 nm, similar to that of a monolayer nanowhisker. This suggests that these isolated 
features should have an “edge-on” packing geometry on Si wafer with the alkyl chain and 





 AFM topographic images of P3HT nanowires on Si deposited from various 
P3HT solutions at different times as marked.  
 
These isolated features are attributed as initial π-π aggregates of single or several 
P3HT polymer chains, because fully extended single P3HT polymer chain would more 
likely adopt a “face-on” geometry on substrate and show a lower height.140 These isolated 
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narrow features are much more abundant in concentrated P3HT solution at the early stage 
of the aging process, further confirming that these features are initial P3HT aggregates as 
they will be consumed to form nanowhiskers in the later stage of aggregation process. In 
addition, at a higher concentration such as 200 μg/mL, P3HT tends to aggregate at a 
faster rate, as the coverage of P3HT nanowhiskers on Si substrates is higher in the 200 
μg/mL 6 h sample than the 30 μg/mL 24 h sample.  
 
 Close-up AFM imaging of P3HT nanowires on Si dip-casted in various 200 
μg/mL P3HT in toluene solutions. 
(a) Non-doped solution after 1 hour of aging, (b) non-doped solution after 6 hours of aging, (c) after 30 minutes of p-doping by 5 wt% 
F4-TCNQ. (d) The cross-section profiles as marked in panel (a–c). These profiles are vertically shifted for clarity. 
 
This is also consistent with the 615 nm aggregation absorbance increasing trend 
difference observed for these two solutions in Figure 3.2 (e) and (f). In the 200 μg/mL, 1 
h sample (Figure 3.3(a)), the P3HT nanowhiskers have very rough edges with many 
protruding polymer chains or early linear aggregates, which is much less observed in the 
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30 μg/mL sample or in our previous studies resulting from overnight aged samples.19 As 
the solution keeps aging, the nanowhiskers appear to have less protruding branches and 
develop into more stacked aggregates such as double-layer nanowhiskers, illustrated as 
the narrow and bright orange features in the 6 h AFM images (Figure 3.3 (f) and Figure 
3.3(b)). 
With the introduction of 5 wt% F4-TCNQ, the morphology of the resulting doped 
P3HT nanoaggregates appear to be different. It is believed that each integer charge 
transfer between the dopant molecule F4-TCNQ and the host P3HT molecule yields one 
extra charge carrier (P3HT polaron, P3HT+) and one counterion (dopant anion, F4-
TCNQ–), therefore increasing the charge carrier density.127 A further charge transfer 
could also produce a P3HT bipolaron.139 This chemical doping process will also 
inevitably change the morphologies of the resulting doped products due to the following 
reasons. Firstly, the P3HT polaron has a more stiffened and planer polythiophene 
backbone compared to its neutral form because of its greater quinoidal character resulting 
from charge carrier injection.58, 141 Secondly, the incorporation of foreign molecules such 
as dopants into the host material will change its morphology, possibly leading to more 
packing defects. Thirdly, the Coulomb interactions between charged species resulting 
from doping reactions would further convolute the molecular packing and spatial 
distribution of various charged and neutral molecules. Due to decreased solubility of 
doped products in toluene, a non-polar solvent, the coverage of the doped P3HT 
nanowires observed in AFM topography images (Figure 3.2 (g–l)) actually 
underrepresents the amount of doped nanowires formed in the doped mixture because the 
dip-casting method can only harvest the suspended nanowires in solution onto the Si 
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wafer for AFM characterization. Nevertheless, the coverage of doped nanowires is still 
much higher than that of the non-doped samples at comparable time points. For instance, 
Figure 3.2(l) shows large amount of clustered doped nanowires while Figure 3.2(e) only 
shows a few scattered non-doped P3HT monolayer nanowhiskers, even though both are 
prepared at 1 hour. This trend of higher coverage matches the accelerated aggregation 
rate of the p-doped P3HT in toluene revealed by the Vis/NIR studies in Figure 3.1. The 
P3HT nanowires observed in the doped samples can be generally assigned into two 
groups based on their heights. The first group is the dark-brown colored nanowires that 
have heights of 1 – 2 nm, very similar to the non-doped P3HT monolayer nanowhiskers. 
Although formed in a shorter time (< 30 min), they appear to have much less protruding 
branches, as shown in the higher resolution Figure 3.3(c). The cross-section profile 3 in 
Figure 3.3(d) shows the height along the top of one such nanowire. It appears that there 
are several 1 nm high bulges spaced out on top of the monolayer nanowire. These bulges 
are probably some doping-induced aggregated nanostructures as there is no observation 
of them on top of non-doped monolayer P3HT nanowhiskers. The other group is the 
bright yellow nanowires whose heights are at least 5 nm or higher, substantially taller 
than the ~ 3 nm height of a non-doped double-layer nanowhisker. Furthermore, these 
higher nanowires are not observed in non-doped samples, suggesting that they are likely 
direct products of the chemical doping reaction. A close-up view of these doped 
nanowires in Figure 3.3(c) shows that they are composed of small dot-like features linked 
together. The cross-section profile 4 in Figure 3.3(d) displays a string of 6 dots forming 
one straight section of a doped nanowire that is roughly 7 nm high. This reveals that 




– being sandwiched between or next to aggregates of P3HT and its polarons. 
Non-doped P3HT nanowhiskers are formed via π-π stacking between the conjugated 
polythiophene backbones, and the alkyl-alkyl interactions between the side chains also 
contribute to further stabilize the aggregated linear structure.41, 64, 69, 76, 79 Compared with 
the non-doped P3HT nanowhiskers, these doped nanowires maintain similar linear 
geometry and width, indicating that the packing mechanism of the doped P3HT 
nanowires may still be driven by π-π interactions coupled with some variations resulting 
from chemical doping. DFT studies have been employed to investigate the interaction 
between F4-TCNQ and P3HT model systems (thiophene oligomers such as 
quaterthiophene (4T) or octathiophene (8T)).55, 57, 58, 142 These simulation results show 
that the F4-TCNQ and thiophene oligomers tend to form charge transfer complex with the 
F4-TCNQ molecular plane parallel to the thiophene backbone plane. The inter-molecular 
distances is estimated to be 3.0 – 3.7 Å which is close to the π-π stacking distance in 
P3HT. This indicates that it is possible to incorporate F4-TCNQ into the P3HT aggregates 
without totally destroying the π-π stacking arrangements, consistent with our 
experimental results. 
Figure 3.2(g–l) also show that these doped nanowires have a tendency to be 
bundled together. As we discussed earlier, due to the irregularity resulting from doping, 
for some doped P3HT+ that function as a nucleation site for other neutral P3HT or P3HT+ 
to aggregate on, there may be multiple polythiophene motifs exposed for further π-π 
aggregation. This could lead to one nucleation center with multiple P3HT nanowires 
extending from it and partially explain the bundle characteristic of the doped nanowires. 
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In addition, the ionic nature of the P3HT+ and F4-TCNQ
– in the doped nanowires could 
also rearrange these nanowires to form complicated bundles.  
In the early stage of the aggregation process, the fully solubilized P3HT chains 
will initially form multi-chain aggregate (MCA) or single-chain aggregate (SCA), as 
illustrated in Figure 3.4(a). These MCAs/SCAs will then function as nucleation sites or 
nucleation units for further aggregation to eventually form monolayer nanowhiskers. 
Schwarz et. al. simulated the aggregation of P3HT in solution using molecular dynamics 
to provide additional information about the packing process that is difficult or impossible 
to obtain experimentally.143 Their results demonstrate that the aggregation is mainly 
driven by π-π stacking and polymer chains tends to loop back to further aggregate. 
Both SCA and MCA are observed in the early stage of their self-assembly simulations, 
similar to these narrow isolated features observed in our AFM results (Figure 3.2(d-f) and 
Figure 3.3(b)). Furthermore, the simulation shows that the neighboring polythiophene 
motifs in an MCA typically belong to different polymer chains, a phenomenon cannot be 
resolved by AFM measurements. Depending on the abundance of MCAs/SCAs in 
solution, we propose that the aggregation of P3HT could go through two different 
pathways, as shown in Figure 3.4a): (I) Packing of MCAs/SCAs. This will take place 
when MCAs/SCAs are more abundant in solution, likely at higher P3HT concentrations. 
These aggregates are probably stacked at a faster rate with a variety of packing geometry 
due to their heterogeneity than fully solubilized P3HT chains, so the resulting 
nanowhiskers would have rough edges with numerous overhanging side branches, similar 
to these observed in Figure 3.2(e) and Figure 3.3(a). (II) Addition of individual P3HT 
chains in succession. When there are fewer MCAs/SCAs in solution, there will be less 
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nucleation sites available, likely at lower concentration.  In addition, the solubilized 
P3HT chains need to fold on the nucleation sites one at a time, leading to a slower 
aggregation process. Under real-life experimental conditions, the growth of P3HT 
nanowhiskers probably proceeds through a combination of both pathways, although the 
Pathway I could dominate at a concentration of 200 μg/mL while the Pathway II would 
likely take over at 30 μg/mL when there are little MCAs/SCAs available. These 
nanowhiskers could reorganize into a more ordered packing form to maximize the π-π 
overlapping between conjugated motifs during a slower aggregation process like Pathway 
II or after a longer aging time.  
After a P3HT polymer chain is doped by F4-TCNQ, the backbone of the resulting 
P3HT polaron will likely stiffen due to the extra charge.144 In addition, the ionic nature of 
the polaron will significantly decrease its solubility in a non-polar solvent such as 
toluene, which could lead to folding of the doped P3HT chain. The folded P3HT polaron 
would probably then act as a nucleation site for accelerated aggregation of additional 
neutral P3HT chains. The newly added neutral P3HT polymer chains will help to 
delocalize the positive charge via π-π interactions between neighboring polythiophene 
motifs. The aggregation resulting from the synergetic effects of π-π stacking, charge 
delocalization, and decreased solubility probably produces doped monolayer nanowires 
with much less extended side segments in a chain-by-chain aggregation manner similar to 
Pathway II, as illustrated in Figure 3.4(b). In addition, the addition of F4-TCNQ appears 
to significantly decrease the concentration of SCA/MCA in solution, as evidenced in 
Figure 3.2(j). This could hinder the aggregation Pathway I, leaving the Pathway II as the 
most probably route for doped P3HT nanowires. Furthermore, the irregularity resulting 
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from Coulomb interactions, incorporation of counterions, and aggregation defects will 
prompt the doped monolayer nanowires to stack into or aggregate into multiple-layer 
nanowires and even into disordered clusters. Figure 3.5 shows a large scale AFM image 
of doped P3HT nanowires prepared from 200 μg/mL after doped for 6h. This high 
coverage image demonstrates that the bundling of doped nanowires takes place regularly 
in the doping-induced aggregation process. Also, a large amount of monolayer P3HT 
nanowires appear to be connecting with the bundles, consistent with the proposed 
aggregation Pathway II for doped samples in which the P3HT monolayer nanowires stem 
from the growth sites in doped bundles. 
 
 P3HT aggregation schematic illustrating several aggregation pathyways. 
(a) non-doped and (b) doped P3HT in solution. (a) Pathway I illustrates an aggregation process via stacking of pre-aggregated single-
chain or multi-chain aggregates. Pathway II illustrates an aggregation process via nucleation site-induced folding and addition of one 
polymer chain at a time. (b) Doped P3HT+ likely promote the aggregation Pathway II in an accelerated manner while other effects 
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from chemical doping including incorporation of dopant molecules into the P3HT matrix will lead to variations of molecular packing 
for doped P3HT nanowires. 
 
 
 AFM topographic image of doped P3HT nanowires on Si wafer prepared from 
5 wt% doped 200 μg/mL P3HT in toluene after the doping reaction started for 6 h. 
 
3.3 Conclusion 
In summary, the aggregation of P3HT in toluene proceeds at a faster rate at higher 
concentration, producing a more disordered monolayer of nanowhiskers with many 
segments protruding from their edges. Although the studies here are conducted at 
relatively low concentrations (< 0.2 mg/mL), it is reasonable to expect that for the 
concentration range typically used for thin film preparations (~ 10 mg/mL or higher), 
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large amount of MCAs/SCAs will form and aggregate at an even higher rate, leading to 
more disordered domains of P3HT. A key factor that determines the performance of 
conjugated polymer devices is the charge/exciton transport routes in amorphous regions 
that separate ordered domains.115 The protruding MCAs/SCAs observed here, particularly 
these connecting neighboring nanowhiskers, provide a direct visualization of the 
connecting segments between ordered domains such as nanowires. p-Doping with F4-
TCNQ accelerates the aggregation of P3HT in solution greatly. However, due to the 
complicated effects resulting from incorporating dopant molecules into the host matrix, 
doped P3HT nanowires show distinctively different morphology from the non-doped 
nanowhiskers. The doped P3HT nanowires appears to be composed of many multilayer 
domains that are connected linearly, indicating that the same fundamental π-π stacking 
interactions are retained between doped domains. Understanding the nanomorphology 
evolution kinetics during the doping process will hopefully provide the critical 
information needed in the production of more efficient doped devices with controlled 




CHAPTER IV - THE IMPACT OF AGGREGATION ON THE P-DOPING KINETICS 
OF POLY(3-HEXYLTHIOPHENE) 
(This chapter is adapted from J. Mater. Chem. C, 2017, Advance 
Article, DOI: 10.1039/C7TC00189D with permission from Royal Society of Chemistry.) 
4.1 Introduction 
Chemical doping has been demonstrated as an efficient way to improve the 
performances of organic electronic materials and devices.4, 42, 51 Chemical dopants can be 
introduced into host materials through a variety of ways including vapor co-deposition, 
solution mixing, surface doping, and sequential doping.4, 42, 50, 132, 134, 145, 146 Among them, 
solution-based doping methods are particularly appealing as they can be readily 
integrated into less expensive and scalable solution processing steps for organic 
electronic devices.  
In solution, the added dopant molecules, being either electron donors (n-dopant) 
or electron acceptors (p-dopant), undergo charge transfer reactions with the host 
materials. In the case of p-doping, the LUMO of the p-dopant molecule needs to be lower 
than the HOMO of the host molecules to enable the charge transfer. Recently, many 
efforts have been devoted to developing effective and easy-to-handle dopant molecules 
with suitable HOMO/LUMO levels for organic electronic materials.4, 46-52 Understanding 
the doping mechanism between dopant and host molecules is crucial for utilizing the 
doping process in a more efficient and controllable manner. The doping of poly(3-
hexylthiophene) (P3HT) by 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-
TCNQ) is one of the most extensively studied p-doping systems in both solution and thin 
film forms.38, 54, 55, 58, 127, 133, 136, 137, 147, 148 Pingel et. al. showed that although most F4-
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TCNQ molecules have integer charge transfer with P3HT, only a small fraction (5%) of 
the charge transfer will lead to the formation of free charge carriers.127 Optical absorption 
spectroscopy measurements demonstrated that after reacting with F4-TCNQ, P3HT would 
form bipolaron or polaron in solution and thin film, respectively.139  
It is well known that conjugated polymers can have different properties resulting 
from their various molecular conformations and aggregation forms, with P3HT being a 
classic example.67, 79, 149, 150 It is reasonable to expect the P3HT/F4-TCNQ doping reaction 
can be profoundly influenced by the morphology of P3HT. A new crystalline phase in F4-
TCNQ doped P3HT thin film was confirmed by Duong et. al. as a result of F4-TCNQ 
being incorporated into the ordered domains of P3HT.133 Gao et. al. compared the p-
doping of regiorandom and regioregular P3HT with F4-TCNQ and proposed that 
regioregular P3HT will undergo a more efficient charge-transfer due to its stronger ability 
to delocalize charge carriers in its aggregated form.58, 137 Their later studies showed that 
in toluene, fully solubilized regioregular P3HT chains tend to form J-type aggregates; 
while H-type aggregates are expected in anisole. Furthermore, the doping efficiency with 
J-type P3HT nanofibers is substantially higher than that of H-type due to their differences 
in polymer chain packing.38 In P3HT solution, the most basic morphological forms of 
P3HT in solution are its fully solubilized form (s-P3HT) and its aggregated nanowhisker 
form (nw-P3HT) which could be either H-type or J-type depending on the experimental 
conditions.19 However, there has not been a report on a direct comparison of doping 
mechanisms between these two forms of the same polymer. 
Besides the doping mechanism and doping efficiency of P3HT/F4-TCNQ, its 
doping reaction kinetics is a crucial aspect that has unfortunately drawn little attention so 
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far. Investigating the doping reaction kinetics can elucidate the reaction mechanism. 
Moreover, understanding the doping process and being able to predict the doping reaction 
rate are of practical importance for gaining greater control of the doping process. The 
doping products of P3HT and F4-TCNQ have characteristic absorption bands in the near 
IR region that do not overlap with the absorption of either reactants, making optical 
absorption spectroscopy a suitable technique to monitor the reaction progress. Optical 
absorption spectroscopy, usually in the UV-vis-NIR range, is a versatile method to study 
reaction kinetics in solution at the time scale of seconds and longer. For rapid reactions 
taking place at the sub-second range, stopped-flow technique is often used to trace the 
reaction with millisecond time resolution.  
Herein we investigate the influences of two different P3HT morphological forms, 
s-P3HT and nw-P3HT, on their p-doping reaction kinetics and mechanisms with F4-
TCNQ. The experiments are carried out with the same batch of polymer and the same 
solvent to eliminate the possibility of property variations induced by different molecular 
weights, polydispersities, and solvent-sample interactions. The reaction temperature is 
maintained at 23.0 °C because room temperature is most relevant for practical 
applications. The optical spectra of aggregated P3HT solution are decomposed to 
separate the s-P3HT and nw-P3HT components within it. Our kinetic studies on the p-
doping of s-P3HT solution indicates a single reaction mechanism. The doping reaction of 
the P3HT aggregated solution appears to takes place with two simultaneous reaction 
mechanisms whose reaction rate constants are orders of magnitude different. The rate 
constant of the slow mechanism is comparable with that of the s-P3HT, suggesting that 
the fast and slow mechanisms observed for aggregated P3HT solution probably represent 
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the nw-P3HT and s-P3HT components, respectively. Moreover, nw-P3HT demonstrates 
substantial higher doping susceptibility for producing F4-TCNQ anions per P3HT 
monomer. These solution doping kinetics studies will significantly enhance our 
fundamental understanding of the charge-transfer process for conjugated polymer and 
provide the critical reaction-rate information to achieve controllable chemical doping in 
practical applications. 
4.2 Experimental 
Poly(3-hexylthiophene-2, 5-diyl) (P3HT) (Mn = 70.5 kDa, PDI=1.7, head-to-tail 
regioregularity > 98%) and 99.8% anhydrous toluene assay were purchased from Sigma-
Aldrich. 2,3,5,6-Tetrafluro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ ) (98.0 %, 
purified by sublimation) was purchased from TCI America. The s-P3HT solution is 
prepared by heating a dilute solution of P3HT in toluene (6 -40 μg/mL) to 90 oC for 10 
min and then cooled down to room temperature (23 °C) within 5 min. The s-P3HT 
solution is used immediately after cooling to room temperature for doping reaction or 
optical measurements. The nw-P3HT solution is prepared by heating a 2 mg mL-1 
solution of P3HT in toluene to 90 oC for 10 min and then cooled to room temperature at a 
rate of ~ 1 oC/min overnight and stored in dark. The resulting nw-P3HT solutions are 
diluted at room temperature in toluene for further studies. All solutions are prepared and 
handled under nitrogen atmosphere to minimize oxygen exposure.  
UV-vis absorption spectra and stopped-flow kinetics are recorded on a Cary-60 
spectrometer equipped with a SFA-20 rapid kinetics accessary (TgK Scientific) at 23.0 
°C. All p-doping reactions are carried out at 23.0 °C maintained by a Quantum Northwest 
TC1 temperature controller. Each stopped flow experiment is repeated at least 8 times 
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and the averaged trace is used. The spectra and kinetic trend lines are fitted with the 
Curve Fitting Toolbox in Matlab 2016a. 
4.3 Results 
Ordered P3HT nanostructures such as nanowhiskers can be formed by slowly 
cooling down regioregular P3HT solution in marginal solvents.19, 41, 69 During the cooling 
and aging process, s-P3HT gradually packs into nw-P3HT while the solution color turns 
from bright orange into dark purple. Upon heating, the nw-P3HT converts back to s-
P3HT and the solution color returns to bright orange. The black solid line in Figure 4.1(a) 
displays the UV-vis absorption spectra of a 30 μg/mL P3HT aggregated solution. The 
2.02 eV (614 nm) and 2.19 eV (567 nm) peaks are the characteristic 0-0 and 0-1 
transitions for π-π stacked P3HT.36, 37, 138 The same aggregated solution is converted to a 
s-P3HT solution by heating at 90 oC for 10 min; its spectra taken immediately after 
cooling down to room temperature is shown as the red solid line in Figure 4.1(a). The 




 Deconvoluted UV-Vis spectra of aggregated and fully solubilized P3HT 
(a) UV-Vis absorption spectra of a 30 μg/mL P3HT aggregated solution in toluene and the spectra of the same solution after heating 
P3HT. (b) Decomposition of the spectra of the aggregated P3HT solution into s-P3HT and nw-P3HT components. The absorption of 
nw-P3HT component can be further deconvoluted into 4 vibronic transitions. 
 
The aggregated P3HT solution is actually a mixture of s-P3HT and nw-P3HT. By 
decomposing the spectra of the aggregated P3HT solution, the amount of s-P3HT and 
nw-P3HT components in it can be resolved. The following formula, equation 9, is used 
for the decomposition: 
𝐴𝑚𝑖𝑥𝑡𝑢𝑟𝑒 = 𝐴𝑠−𝑃3𝐻𝑇 + 𝐴𝑛𝑤−𝑃3𝐻𝑇 =  𝐶𝑠−𝑃3𝐻𝑇𝐴𝑠−𝑃3𝐻𝑇
0 +  𝐴0−0 +  𝐴0−1 +  𝐴0−2 +  𝐴0−3   (9) 
As−P3HT
0  is retrieved directly from the spectra of P3HT solubilized solution (all s-
P3HT content) in Figure 4.1(a), and Cs−P3HT is the scaling factor for the s-P3HT spectra. 
Anw−P3HT is fitted using 4 Gaussian peaks representing the 0-0, 0-1, 0-2, and 0-3 
vibronic transitions of nw-P3HT.36, 37, 151 One fitting example is shown in Figure 4.1(b). 
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The vibronic peaks are centered at 2.02 eV, 2.19 eV, 2.35 eV, and 2.51 eV. The total 
concentration [s-P3HT]0 is acquired from the corresponding heated s-P3HT solution, and 
[s-P3HT] in the aggregated solution is calculated from Cs−P3HT after the fitting. A quality 
fitting assures that the nw-P3HT component is isolated correctly from the s-P3HT 
component in the overall spectra. The concentration of nw-P3HT can be reliably obtained 
using [nw-P3HT] = [s-P3HT]0 - [s-P3HT]. Additionally, the ratio of 0-0/0-1 peaks from 
the fitting result indicates that the nanowhiskers in this aggregated solution are J-type 
aggregates,36 consistent with the previously reported results by Gao et. al.38 
When p-doping a 30 μg/mL s-P3HT solution with 5.3 wt% F4-TCNQ, it takes 
around 10 h to have any discernable absorption peaks of doping products centered at 1.61 
eV (768 nm) and 1.46 eV (850 nm), as shown in Figure 4.2 (a). These two peaks are the 
charateristic absorbance peaks of F4-TCNQ anion resulting from integer charge 
transfer,127, 152 while the elevated broad baseline between 1.8 eV and 1.1 eV is attributed 
to P3HT polaron and bipolaron.127, 139, 153 In Figure 4.2(a), the 5.3 wt% doping ratio 
equals to a molar ratio of 1:33 between F4-TCNQ and P3HT monomer. If assuming the 
limiting reactant F4-TCNQ is totally consumed in the doping reaction, the combined 
extinction coefficient (ε) for both doping products (F4-TCNQ
− and P3HT polaron) at 1.61 
eV is 3.1×104 M−1cm−1. The p-doping of s-P3HT appears to enhance the aggregation 
peaks, which has been focused in a separate study.154  
The p-doping of a 30 μg/mL P3HT aggregated solution by F4-TCNQ also yields 
F4-TCNQ anion and P3HT polaron, as evidenced by the emergence of identical 
absorbance bands in the NIR range shown in Figure 4.2(b). An interesting finding here is 
that the p-doping reaction of the aggregated solution is dramatically faster than that of s-
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P3HT. Under the same concentration conditions, the p-doping of the aggregated solution 
yields more doping products in 1 min than s-P3HT does in 20 h based on the absorption 
at 1.61 eV.  
 
 Time-lapse UV-Vis absorption spectra. 
(a) a P3HT solubilized solution and (b) a P3HT aggregated solution recorded at different times after p-doping with 5.3 wt% F4-TCNQ. 
The concentrations of P3HT in both solutions are 30 μg/mL.  
 
Stopped-flow optical absorption spectroscopy is used to investigate the reaction 
kinetics between P3HT and F4-TCNQ, especially for the fast reaction in the doped P3HT 
aggregated solution. The 1.61 eV absorbance peak is monitored as it represents the 
simultaneous formation of both p-doping products, P3HT+ and F4-TCNQ
−. By keeping 
the F4-TCNQ in large excess (125 µg/mL), P3HT concentrations are varied as the 
limiting reactant in the pseudo-single-reactant reaction.  
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The 1.61 eV absorbance trend lines from four pseudo-single-reactant reactions of 
s-P3HT/F4-TCNQ are shown in Figure 4.3(a). The single exponential fits (𝐴𝑏𝑠 =
 𝐴1(1 − e
−𝑘1(𝑡−𝑡0))) for the bulk part of the trend lines are displayed as the red lines in 
Figure 4.3 (a). The fitting parameters, amplitude A1 and pseudo-first-order rate constant 
k1, are listed in Table 4.1. The fitted amplitude A1 is the expected Abs(1.61 eV) at t = ∞, 
which represents the total doping products that will be formed under this mechanism. At 
the initial stage of the reaction, there appears to be an induction period which is corrected 
by 𝑡0. In general, the fit curves match the experimental trend lines, indicating that the 
doping reaction is first order in s-P3HT. The pseudo-first order rate constants 𝑘1 have 
similar values for these 4 different s-P3HT concentrations (𝑘1 = 1.40 ± 0.13 ×
10−2 𝑠−1), further confirming that there is only one reaction mechanism when s-P3HT is 
the limiting reactant. 
The trend lines for the aggregated P3HT solution with excess F4-TCNQ are fitted 
with a double exponential equation (Abs=  𝐴1(1 − e
−𝑘1𝑡) − 𝐴2(1 − 𝑒
−𝑘2𝑡)), and the fit 
curves are shown in Figure 4.3 (b). The fitting parameters are listed in Table 4.1. In 
general, both 𝑘1 and 𝑘2 maintain their values at different total P3HT concentrations: 𝑘1 =
3.00 ± 0.82 ×10−2 𝑠−1, 𝑘2 = 29.2 ± 11.1 𝑠
−1. The double exponential fitting indicates 
that there are probably two simultaneous reaction mechanisms contributing to the 
formation of P3HT+ and F4-TCNQ
− in solution, and both mechanisms are first order in 
P3HT. One probable explanation is that there are two distinctive P3HT morphological 
forms that react with F4-TCNQ simultaneously at different rates. The 𝑘1 values from the 
double exponential fitting is comparable to the 𝑘1 values of s-P3HT doping, suggesting 
that the s-P3HT components in the aggregated solution undergo doping reaction in a 
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similar manner as in the s-P3HT solution. On the other hand, the 𝑘2 values from the 
double exponential fittings are about three orders of magnitude larger than 𝑘1, and are 
likely contributed from the nw-P3HT components in the aggregated solution. Gao et. al. 
compared the p-doping reactions of regioregular and regiorandom P3HT with F4-TCNQ 
and reported more efficient charge transfer for regioregular P3HT due to the delocalized 
hole charges in the ordered aggregates of regioregular P3HT.137 In this work, only 
regioregular P3HT is used to study the impacts of polymer chain packing on their p-
doping reaction kinetics. For s-P3HT, the solubilized polymer chains could be relatively 
difficult to p-dope and the integer charge transfer will not readily take place. nw-P3HT 
could get p-doped quicker because the P3HT molecules are already in aggregated forms, 
which may have a lower oxidation potential as indicated by X-ray photoelectron 
spectroscopy (XPS/UPS) and cyclic voltammetry measurements.32, 137, 155, 156 So it is 
possible that aggregated P3HT forms are essential for it to get p-doped by F4-TCNQ in 
toluene. It should be noted that 𝑘2 values obtained here indicate a reaction half-life to be 
around 23 ms. Our spectrometer’s 12.5 ms time resolution may not completely resolve 
the details of the initial reaction stage, which could partially explain the large uncertainty 
obtained for the 𝑘2 in aggregated solutions. Nevertheless, our conclusion about the orders 
of magnitude faster reaction rate constant of nw-P3HT component compared to s-P3HT 




 The 1.61 eV absorbance of p-doping products versus time. 
(a) P3HT solubilized and (b) P3HT aggregated solutions mixed with excess amount of F4-TCNQ. The initial concentrations of P3HT 
are marked in the image, and the initial concentration of F4-TCNQ is 125 µg/mL. The red lines in (a) are the single exponential fit 
curves (Abs =  A1(1 − e
−k1(t−t0))). The red lines in (b) are the double expoential fit curves (Abs =  A1(1 − e
−k1t) − A2(1 − e
−k2t)). 
 
The plots of the fitted amplitudes A vs. the concentrations of the specific P3HT 
components (limiting reactant) are shown in Figure 4.4. The expected concentration of 
doping product [F4-TCNQ
−] that directly derived from the fitted amplitudes is also listed 
as the y-axis on the right side. The expected doping products formed in the k1 and k2 
mechanisms match linearly with the s-P3HT and nw-P3HT components in aggregated 
solution, further confirming our assignments of k1 and k2 to these two P3HT components 
in solution. The different slopes of these linear trends indicate that the stoichiometries of 
reacting with F4-TCNQ per P3HT monomer vary among different morphological forms. 
In the p-doping reaction of P3HT, typically a small segment of the whole conjugated 
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polymer chain is involved in the initial charge-transfer process with the dopant 
molecule,157 and the reacting segment is normally composed of several repeating 
monomer units. 
 
Table 4.1 The single and double exponential fitting parameters for the 1.61 eV 








(×10-5 M) (×10-5 M) (sec-1) (sec-1) 
5.30  0.194 -4.39   0.999 
7.11  0.254 -4.28   0.999 
8.98  0.342 -4.24   0.999 
10.36  0.398 -4.17   0.999 
1.48 0.49 0.042 -3.97 0.060 3.63 0.987 
3.13 1.75 0.091 -3.54 0.143 3.67 0.981 
5.45 3.22 0.152 -3.35 0.239 3.16 0.975 
7.23 4.10 0.202 -3.30 0.313 2.79 0.970 
 
The reacting stoichiometric ratios can be derived from the slopes in Figure 4.4 
when assuming that for the reactions shown in Figure 4.4, the limiting reactant P3HT is 
totally consumed when F4-TCNQ is in large excess. For example, in Figure 4.4, the 
P3HT solubilized solution (the black solid line) has a slope of 3.76×103 𝑀−1(for 1 cm 
optical pathway), which indicates that on average each F4-TCNQ dopant molecule will 
react with 8.3 monomer units in the P3HT solubilized solution. For nw-P3HT and s-
P3HT components in aggregated solution, the stoichoimetric ratio are 4.1 and 11.0, 
respectively. The 4.1 ratio of nw-P3HT matches the value of 4 obtained by Pingel et. al. 
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in their thin film F4-TCNQ/P3HT studies,
148 consistent with the solid characteristic of 
P3HT nanowhiskers here. Another study by Pingel et. al. concluded that about 30% of 
F4-TCNQ molecules do not have charge transfer reaction with P3HT,
127 which is 
contradictory to our assumption of 100% doping efficiency of F4-TCNQ for obtaining the 
combined extinction coefficient (ε) for both doping products (F4-TCNQ
− and P3HT 
polaron) at 1.61 eV in Figure 4.2a). Taking into account of the possible ~70% doping 
efficiency of F4-TCNQ when P3HT is in excess, then all the reacting stoichiometric ratios 
derived from Figure 4.4 should be increased by a factor of 1.43. However, not all P3HT 
monomers can have effective charge transfer either when F4-TCNQ is in large excess. 
Many causes including chain bending or kinks, misfolded chains, or local defects could 
also leave some monomers in a “non-reactive” state. So our stoichiometric ratio 
estimations may still be qualitatively suitable. More importantly, the almost 3 times 
difference between the stoichiometric ratios of nw-P3HT and s-P3HT components should 
be valid, which highlights the impacts of different morphological forms of conjugated 
polymer on the doping process. In addition, the overall ratio for the aggregated solution is 
6.8, meaning that besides reacting faster with F4-TCNQ, the aggregated solution is also 
able to produce more doping products per monomer than the solubilized solution.  
Another factor needs to be considered is the molecular weight. The aggregation 
process of nanowhiskers in toluene could be accompanied by fractionation, which means 
that the nanowhiskers may have higher molecular weights than the remaining solubilized 
chains in solution. So it is possible that there are some low molecular weight s-P3HT 
molecules in solution that do not react with F4-TCNQ easily. Wang et. al. reported that 
each F4-TCNQ anion would bleach 4.9 P3HT monomer units in solution doping, and 
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their ratios do not change with the molecular weight of P3HT sample.139 However, their 
methods mainly probe the chemically active portions of P3HT. Our methods here include 
all the P3HT initially present in solution, so the ratios from s-P3HT, particularly the s-
P3HT component in the aggregated solution, could appear larger than the theoretical 
value by including some amount of “non-reactive” monomers. 
 
 The amount of doping product obtained from the fitted amplitudes (A1 and A2 
in Figure 4.3) vs. the concentrations of corresponding P3HT components/solutions.  
The molar concentration of P3HT is shown in the form of the P3HT monomer unit. The right-side y-axis shows the amount of doping 
product in the form of reacted F4-TCNQ. The slopes of the linearly fitted lines show the reaction stoichiometricies of F4-TCNQ per 
P3HT monomer. 
 
Two typical ways of obtaining the reaction order for a reactant are the pseudo-
single-reactant method and the initial rate method. However, there are experimental 
difficulties in implementing either of them to resolve the reaction order of F4-TCNQ in 
this study. To carry out a pseudo-single-reactant reaction with P3HT in large excess, the 
concentration of P3HT needs to be at least 500 µg/mL. Because P3HT is marginally 
soluble in toluene, it is impossible to maintain P3HT in fully solubilized form at such a 
high concentration at room temperature. Although P3HT aggregated solutions are 
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relatively stable at high concentrations, the miniature sized tubings and optical cells in the 
stopped flow appratatus could be easily clogged by high concentrations of P3HT 
nanowhiskers. So the kinetic data obtained with high concentrations of aggregated P3HT 
will have large systematic errors and may not provide reliable results. As for the initial 
rate method, the presence of an induction period makes it difficult to extract the true 
initial reaction rates in the doping reaction of low concentration s-P3HT. In the case of 
doping of P3HT aggregated solution, the reaction is too fast for our instrument to resolve 
the initial rate reliably. Assuming the reaction order of F4-TCNQ in the p-doping reaction 
is also 1, the p-doping reaction rate constants obtained from the stopped flow studies for 
s-P3HT in solubilized solution, s-P3HT in aggregated solution, and nw-P3HT in 
aggregated solution would be 30.9 ± 2.8  𝑀−1𝑠−1, 66.2 ± 18.1  𝑀−1𝑠−1, and 6.46 ±
2.46 ×104 𝑀−1𝑠−1, respectively.  
The p-doping reaction pathways of s-P3HT and nw-P3HT are proposed in Figure 
4.5. For s-P3HT, once it charge transfers (C.T.) with F4-TCNQ, the resulting ion pair may 
remain bound until they are separated by external perturbations. Either of the steps can be 
the rate-determining step (R.D.S.), as illustrated in pathway (a). The doping reaction of 
nw-P3HT with F4-TCNQ may have two similar steps of C.T. and charge separation, as 
shown in pathway (b). If both pathway (a) and (b) have the same R.D.S., be it the C.T. or 
charge separation step, and assuming that the pre-exponential factor is the same for the 
R.D.S., then the ~2000 times difference in the reaction rate constants indicates that the 
activation energy of the R.D.S. for the nw-P3HT pathway (b) is about 18 kJ/mol less than 
that of s-P3HT pathway (a). This is probably due to either the ordered molecular packing 
of nw-P3HT that promote the initial hole injection in this first step, or the quick 
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delocalization of injected hole into the π-π aggregated motifs of nw-P3HT via enhanced 
intrachain interactions to finish the p-doping process.38, 58, 137 There is an equilibrium 
between s-P3HT and nw-P3HT in solution, their conversions are slow considering that 
the aggregation process of P3HT in solution typically takes hours to days to accomplish 
in the dilute concentrations used here. It is possible that s-P3HT first aggregates into nw-
P3HT, then the newly formed nw-P3HT will be immediately p-doped by F4-TCNQ to 
finish the charge transfer process, as illustrated in pathway (c) with the initial aggregation 
step as the R.D.S. One thing to note is that s-P3HT gets p-doped about twice as fast in 
aggregated solution vs. in solubilized solution, evidenced by the obtained rate constants. 
Possible reasons include (1) the presence of nw-P3HT facilitates the initial C.T. of s-
P3HT; and (2) nw-P3HT induces the aggregation of s-P3HT, followed by fast C.T., 
similar to pathway (c). 
 
 Possible reaction pathways for charge-transfer reaction between P3HT and F4-
TCNQ. 
 
Although the fit curves shown in Figure 4.3 generally follow the trend lines of 
doping products, there are still some noticeable deviations from the experimental data, 
particularly for the aggregated solution doping results. Here we attempt to fit the reaction 


























trend lines with a consideration of reactivity variations. A Gaussian-like distribution 
function is employed to simulate the variations of rate constants in the fitting function. 
The modified pseudo-single-reactant reaction fitting functions are listed below in 
equations : 








(𝑙𝑛𝑘1+∆1)(𝑡−𝑡0)) )     (10) 
















(𝑙𝑛𝑘2+∆2)𝑡)   (11) 
One Gaussian-like fitting result of the aggregated solution sample is shown in 
Figure 4.6 and parameters are shown in Table 4.2 where a simple double exponential fit 
is also displayed for comparison.  
 
 
 Examples of two fit methods for the 1.61 eV absorbance of p-doping products 
versus time. 
(a) s-P3HT and (b) aggregated P3HT solution mixed with excess amount of F4-TCNQ. The green lines are the fit curves with a 
Gaussian-like distribution of each rate constant. The red lines are the simple expoential fit curves. Residuals from both methods are 
plotted in the bottom for comparison. Inset shows the histograms of the Gaussian-like distributions of reaction rate constants. 
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The rate constant is varied in the form of 𝑙𝑛𝑘1which directly relates to the 
activation energy variations in the system, the main source of reactivity non-uniformity. 
The width 𝜎 is kept at 1.3 sec−1, which means that the standard deviation of rate constants 
is 2.24 times from the centered value. The Gaussian-like distribution is simplified into 
segments for easier calculation, and its histogram is illustrated in the inset of Figure 4.6. 
This Gaussian-like fitting method provides better fits for aggregated P3HT solutions, 
with R2 > 0.996 for all samples. The Gaussian exponential fit results have similar values 
to the simple double exponential fits, confirming that adding a distribution does not 
fundamentally alter the fit. In theory, most polymer samples are a mixture of polymer 
chains with different chain lengths, conjugation lengths, and even head-to-tail 
regioregularities for the case of P3HT used here.38, 94, 137, 150, 158  
All these factors could alter the properties of polymer chains or their aggregates, 
so it could be a very crude approximation to express the reactivities of a polymer sample 
with just a single value. The residual plot in Figure 4.6 shows that the Gaussian-like 
method provides a better fit particularly in the late stage of the reaction when the slow s-
P3HT mechanism takes over, which is not observed for s-P3HT in solubilized solution. 
In addition, shows that the k1 for s-P3HT is about 2 times larger in the aggregated 







Table 4.2 The fitting parameters for the 1.61 eV absorbance trend lines of p-doping 








(×10-5 M) (×10-5 M) (sec-1) (sec-1) 
5.30  0.220 -4.52   0.998 
7.11  0.285 -4.39   0.996 
8.98  0.383 -4.35   0.996 
10.36  0.440 -4.23   0.997 
1.48 0.49 0.051 -3.89 0.055 3.96 0.998 
3.13 1.75 0.109 -3.32 0.129 4.28 0.998 
5.45 3.22 0.183 -3.07 0.212 4.07 0.997 
7.23 4.10 0.246 -3.01 0.276 3.88 0.996 
 
It is likely that the p-doping of s-P3HT can be facilitated by the presence of 
neutral and charged nw-P3HT, either via the induced aggregation in pathway (c) or 
promotion of C.T. through charge delocation into nw-P3HT in pathway (a). In both 
pathways, the heterogeneities of nw-P3HT, including different intrachain or interchain 
coupling, and molecular packing or backbone bending defects occurring naturally or 
induced by chemical doping, could lead to different degrees of reactivity enhancements 
for p-doping of s-P3HT. Although the simple exponential fits can provide qualitative 
results using single reaction rate constant values, an accurate discription of the reaction 
progress may require a consideration of reactivity distributions originated from 






This study provides the first comprehensive kinetic study on the p-doping 
reactions between P3HT and p-dopant F4-TCNQ in solution. Our initial results show that 
P3HT aggregated solution will get p-doped substantially faster than s-P3HT solution. 
Kinetic analysis demonstrates that there is likely a single reaction mechanism for the p-
doping of s-P3HT. The P3HT aggregated solution show two distinctive p-doping reaction 
mechanisms whose reaction rate constants are orders of magnitude different. The slow 
one is assigned to the s-P3HT component while the fast one is assigned to the nw-P3HT 
component. This reactivity difference is probably due to different P3HT morphologies 
that lead to variations in charge-transfer and hole-delocalization rates. The doping 
reaction appears to be first order in P3HT. The nw-P3HT component also shows lower 
stoichiometric numbers in the p-doping reaction in comparison to the s-P3HT component, 
indicating that P3HT aggregates have a superior doping efficiency in terms of both 
reaction rate and monomer consumption. Finally, a Gaussian-like distribution of 
reactivity is introduced to improve the fitting quality, which is consistent with the 
property variations of polymer materials resulting from factors including differences in 
molecular weight and packing geometries. The results here emphasize the impacts of 
conjugated polymer morphology on its doping reaction kinetics, which needs to be taken 
into consideration when integrating chemical doping into the field of organic electronic 
materials. For example, during the last period of the drying process in solution-based 
fabrication methods, the concentration of conjugated polymer increases dramatically and 
could form various aggregates. Although this last drying step is very brief, dopant 
molecules nearby may charge transfer with the aggregates in a much faster rate and 
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potentially accomplish the doping process in the last moment. It s hoped that the 
knowledge gained here could help to reach greater control of the chemical doping process 
including dopant spatial distributions by manipulating the aggregation arrangements of 




 CHARGE TRANSFER CALCULATIONS OF P3HT USING DENSITY 
FUNCTIONAL THEORY 
5.1 Introduction  
Most first principles studies of CT of oligothiophenes and F4-TCNQ suggest a 
partial charge transfer results from interfacial π-stacking of dopant and oligothiophene 
molecules. Stable partial CT complexes resulting from a single host oligomers and 
dopant molecule have been performed using density functional theory (DFT) in several 
studies, particularly on the thiophene tetramer (4T), and have calculated an approximate 
CT is 0.4-0.5 e.55-58, 159 However no study to our knowledge has investigated how F4-
TCNQ will complex and react with more than a single oligomer using first principles. In 
particular, there are nearly no ab initio reports of the possible bi-interfacial interactions of 
F4-TCNQ which is a planar and symmetric (C2h) molecule containing π-orbitals on both 
faces. Exposure of both faces could potentially result in possibly higher degrees of CT. 
Another topic that should be addressed is the possible role of pre-aggregated π-
stacked thiophene motifs in also facilitating increased CT versus single oligomer/F4-
TCNQ complexes. Our stopped flow kinetic results showed that the preaggregation of 
P3HT does appear to increase doping speeds and efficiencies markedly versus non-
aggregated species.18 Furthermore, pre-aggregates are likely to promote hole transfer 
along π-stacked lamella differently depending upon the degree of π-overlapping 
monomer units. The commonly referred to H-type and J-type aggregates of P3HT which 
have different degrees of intra-molecular and inter-molecular π stacking, also have 
different doping efficiencies based upon their ability to delocalize charge holes.38 
Therefore, it is reasonable to expect that π-stacked bi-oligothiophene motifs, will draw a 
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different amount of positive charge from F4-TCNQ versus a single oligothiophene 
molecule. It also remains to be seen if the efficiency of a bi-oligomer:F4-TCNQ CT 
complex will result in  potentially greater inter-molecular CT and whether this state is 
thermodynamically stable in gas phase calculations. 
5.2 Calculation Methods 
All calculations are performed using the Gaussian 09 package using the MCSR 
UNIX cluster at the University of Mississippi and data visualization/analyses are 
performed using Chemcraft. Oligothiophenes of different sizes are used as the model 
system for studying CT complex formation of P3HT and some calculations also include 
methyl-substituted oligothiophenes for investigating steric effects and electronic 
contributions to CT. Furthermore, complexes comprising of methyl groups are oriented 
head-to-tail (HT) which are common to electronic grade P3AT samples with high 
regioregularities. In this study, three CT complexes are investigated and are shown in 
Figure 5.1: (a) a single oligothiophene complex (SO), (b) a double oligothiophene 
sandwich-like complex (DO-S), and (c) a double oligomer layered complex (DO-L).  
 




Our preliminary computational results show that the most favorable charge 
transfer complex conformation for SO will adopt a C2 symmetry. The symmetry of DO-S 
complexes lacking methyl groups have C2h symmetry whereas complexes consisting of 
H-T methyl groups have Ci symmetry. All DO-L complexes have C1 symmetry, owing to 
their low symmetry arrangements. Corresponding geometries, binding energies, Mulliken 
charges, and orbital energies vibrational frequencies are calculated using the hybrid 
functional B3LYP-D/6-31+G(d) which Grimme’s dispersion corrections to account for 
long range electron correlation effects of π-stacking. Mulliken charges and C-N stretch 
mode IR vibrational frequencies are extracted from charged complexed F4-TCNQ 
molecules to quantitate the degree of partial charge transfer and frequency deviations 
from neutral F4-TCNQ molecules. CN stretching modes are considered relevant 
frequencies to this study due to being responsible for much of F4-TCNQ’s oxidizing 
strength and susceptibility to undergo dramatic changes in electronic structure during CT 
reactions. In order to compare with reported experimental results, these frequencies are 
scaled by a factor of 0.9614, determined by Scott et. al., in order to correct 
overestimation.160 It should also be noted that frequency comparisons may be difficult 
due to computationally different term symbols that register for symmetrically different 
CT complexes. However, it is possible to still make reasonable comparison between them 
by comparing the vibrational dipole vector changes of the four C-N stretching modes. 





5.2.2 Single oligothiophene complex  
This study begins with a comparison to previously reported results of Zhu et. al. 
who uses the same methodology as this article. A full table of computed parameters for 
SO complexes, which includes all parameters discussed in this section are shown in 0. A 
similar SO 4T:F4-TCNQ complex geometry, which positions the F4-TCNQ center and 
above the bond connecting the two inner thiophene rings, results in a computed CT of 
0.51e.57  By comparison, our calculated 4T SO-CX results in a partial charge transfer of 
0.55e. Ideally these values should be the same since our calculation yields a nearly 
identical geometry as Zhu et. al. when using the same functional and basis set. However, 
our work approximates charge transfer based the summation of Mulliken charges on a 
complexed F4-TCNQ molecule, whereas Zhu et. al. approximates charge transfer based 
upon a methodology proposed by Kistenmacher et. al.161 A full comparison between the 
two CT approximations may provide more insights into the efficacy of using calculated 











Table 5.1 Total calculated charge transfers (e), charge per ring (e) values, binding 

















(Å)  (e) (kcal/mol) 
F4-TCNQ/2T 0.35 0.18 -22.87 3.327 
F4-TCNQ/4T 0.55 0.14 -31.10 3.306 
F4-TCNQ/6T 0.60 0.10 -33.29 3.310 
F4-TCNQ/10T 0.63 0.06 -34.11 3.322 
F-TCNQ/Inf-T 0.65 -- -- -- 
 HOMO LUMO H-L Gap  
 (eV) (eV) (eV)  
F4-TCNQ/2T -6.42 -4.59 1.83  
F4-TCNQ/4T -5.96 -4.56 1.41  
F4-TCNQ/6T -5.63 -4.41 1.21  
F4-TCNQ/10T -5.33 -4.32 1.01  
 
    
Extrapolation of CT over an infinite number of rings will result in a maximum CT 
of 0.65e for SO complexes, indicating that only partial charge transfer is likely when only 
one polymer chain interacts with F4-TCNQ. It is important to also consider that this will 
occur for a highly idealized system because of the absence of other inter-molecular 
interactions such as polymer folding. Furthermore, the amount of CT per ring decays 
rapidly over only a few rings and appears to deviate from linearity when approximately 
six rings have reacted (Figure 5.2). This also indicates that the formation of charged 
species for oligothiophenes is likely to in more than four rings which contradicts some 
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results that show experimentally that normally four thiophene units dope with F4-TCNQ, 
however doping efficiency does appear to drop rapidly after approximately 4-6 rings have 
reacted and our calculation is a highly idealized case which neglects perturbations that 
occur in a real world experiment. 
 
 Total charge transfer and charge transfer per ring for single oligomer complex 
 
The total CT values of each SO complex appear to be linearly dependent upon the 
binding energy, (Figure 5.3), indicating that increasing amounts of CT occurs when 
complexes are able to adopt more energetically favorable structures. A linear fitting 
results in a slope of 0.025 emol/kcal so that approximately -40 kcal/mol binding energy 





 Charge transfer (e) versus binding energy (kcal/mol) for SO-CX. R2 = 0.998. 
 
Calculations of the highest-occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO) for SO indicate that both CT and binding energies 
are impacted by the band gap energies of CT complexes, and that higher conjugation 
lengths of the thiophene ring system will increase the magnitude of these interactions, as 
illustrated in Figure 5.4. Figure 5.4 also hints at a potential decay in band-gap energies, 
which appear to converge at approximately 1.0 eV for complexes, and doping efficiencies 
at very long conjugation lengths. This approximation should also be treated as 
qualitatively due to the possibility of over estimation. 
 




Scrutiny of the relative interfacial bond distances between the ring system and F4-
TCNQ indicate that there are minimal changes between each complex. This would 
indicate that neither charge transfer or binding energy seem to have any significant effect 
on the interfacial proximity of F4-TCNQ to the oligomer.  F4-TCNQ appears to adopt a 
stacking distance of approximately 3.3 angstroms according to our DFT calculation, 
which is qualitatively consistent with x-ray crystallography data.  Grazing incidence x-
ray crystallography suggests that the inter-molecular spacing of P3HT will decrease from 
3.81 angstroms to lower interfacial spacings as more dopant molecules are added.162 It is 
however unclear how intra-molecular bond distances of the F4-TCNQ molecule may be 
affected, which could be the subject of a later study. 
5.2.3 Double oligothiophene complexes (sandwich and layer)  
There are two different double oligomer complexes that are studied in this work: 
(1) sandwich complex and (2) layered complex. The amount of transferred charge 
between F4-TCNQ and the sandwiched oligomers is consistently over 1e while forming 
the DO-S complex. Furthermore, the layering effects of two 4T oligomers will increase 
the overall binding energy from -57.3 kcal/mol versus -31.1 kcal/mol, when compared to 
the SO complex, and although not all complexes have been fully calculated, it is expected 
the same trend will continue. Interestingly, the computed charge transfer for a 4T DO-CX 
sandwich complex is 1.48e, which appears to indicate the possibility of dianion formation 
in this complex. Dianion formation has been documented in some experimental results, 
however little theoretical work has been presented on how F4-TCNQ’s spatial 
arrangements in P3HT will impact its dianion formation. This result indicates that both 
 
90 
faces of the F4-TCNQ molecule are needed for CTs greater than 1e, recalling that 
reacting only one face of F4-TCNQ will result in a maximum transfer of 0.65e when an 
infinite number of conjugated rings are available. In summary, utilizing both sides of the 
F4-TCNQ molecule increases its capability to hold negative charge and is likely at play 
when experimental results are considered.  
DO-L complexes do not appear improve CT and could be a result of inaccurate 
optimizations pertaining to a local minimum rather than a global minimum, which should 
warrant more rigorous studies to confirm. Nevertheless, the computed binding energies 
for this particular complex were substantially higher than for SO complexes. This could 
indicate that prepacked motifs of oligomers may facilitate stronger binding of F4-TCNQ. 
For example, the binding energy for a DO-L complex containing a total of four thiophene 
rings will have a binding energy of -34.12 kcal/mol whereas the SO complex will have a 
binding energy of -22.87 kcal/mol. Furthermore, this same trend appears to continue with 
larger complexes. A 4T bi-oligiothiophene motif containing a total of eight thiophene 
units will have a have a substantial binding energy increase to -53.08 kcal/mol whereas a 
single 4T oligomer CT complex will have a marginally increased binding energy of -
31.10 kcal/mol.  
Binding energies and charge transfers are also compared for DO-L structures, 
however, they do not appear follow the linear trend described above. The charge transfer 
capability of layered complexes is substantially lower by comparison and might be likely 
due to limited ability of charge to delocalize between layered thiophenes. Possible 
reasons could include: 1) unfavorable wavefunction alignment between F4-TCNQ and the 
adjacent thiophene system, 2) breaks in conjugation due to slight twisting of the 
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backbone, or 3) lower energy states of valence electrons which may be positioned below 
the LUMO energies of F4-TCNQ which may prevent charge transfer. All DO-CX 
parameters are tabulated in Table 5.2 
Charge transfer appears to increase marginally with the addition of methyl groups 
and the interfacial stacking distances also appear to not change substantially. Therefore, 
the addition of methyl groups will not hinder the binding ability of F4-TCNQ on methyl 
substituted oligothiophenes that are in the HT configuration. In DO-CX sandwich 
complexes, uniformity in stacking distances will only occur in C2H symmetry complexes. 
Ci complexes will shift sideways marginally indicating a shifting of interfacial bonding 
planarity due to the addition of methyl groups. For example, a DO-CX 2T sandwiched 
methyl substituted complex with Ci symmetry will have two different interfacial bond 
lengths of 3.313 and 3.350 angstroms whereas a non-substituted complex will have only 
3.346 angstrom distances between F4-TCNQ and oligothiophene molecules, indicating 
the possibility of steric repulsive forces, Figure 5.5.  
 
 Central inter-molecular bond distance (Å) comparison of (a) 2Tx2 DO-S 




Interestingly, the linear dependence of binding energy and CT appears to be 
consistent between both sandwiched complexes and SO-CXs. A full representation of this 
result is shown in Error! Reference source not found. which shows the near universal 
agreement between the binding energies of all complexes except layered structures. 
Charge transfer is expected to correlate well with oscillator strengths of F4-TCNQ bonds 
that are most affected, namely the heavily electron withdrawing CN groups. Red shifted 
frequencies are expected due to lower energy bonds which result from accumulation of 
repulsive negative charge. Four normal modes, CN stretching, are investigated in this 
work and are shown in Figure 5.7.  
 
 


























(Å)  (e) (kcal/mol) 
F4-TCNQ/2Tx2b1 1.04 0.26 -44.13 3.346 
F4-TCNQ/4Tx2b1 1.48 0.18 -57.31 3.338 
F4-TCNQ/2Tx2b2 1.16 0.29 -52.27 3.350,3.313 
F4-TCNQ/2Tx2c1 0.17 0.04 -34.12 3.312 
F4-TCNQ/4Tx2c1 0.25 0.03 -53.08 3.300,3.289 
F4-TCNQ/2Tx2c2 0.24 0.03 -40.81 3.294,3.314 
 HOMO LUMO H-L Gap  
 (eV) (eV) (eV)  
F4-TCNQ/2Tx2b1 -6.42 -4.59 1.81  
F4-TCNQ/4Tx2b1 -5.96 -4.46 1.41  
F4-TCNQ/2Tx2c1 -6.20 -4.88 1.32  
F4-TCNQ/4Tx2c1 -5.50 -4.36 1.13  
F4-TCNQ/2Tx2c2 -5.93 -4.71 1.21  
                        b1 DO-S no methyls 
      b2 DO-S with methyls 
      c1 DO-L no methyls  











 Normal modes of CN stretching in isolated (a) neutral and (b) anionic F4-
TCNQ molecules 
Excellent agreement with experimental results are seen in B3LYP-D calculations, 
owing to the efficacy of using this method. Going from neutral to anionic F4-TCNQ will 
result in red-shifted spectra along with a switch in the relative intensities of the b2u and 
b1u vibrational modes. This is consistent with experimental results of F4-TCNQ ionized in 
the solution phase. SO-CX complexes will comprise of F4-TCNQ molecules with red-
shifted frequencies which change almost linearly with charge transfer. Figure 5.8 
indicates that the b2u and b1u CN stretching modes of F4-TCNQ complexed with 
oligothiophenes will show a near linear agreement with calculated frequencies of neutral 





Table 5.3 F4-TCNQ IR frequencies calculated using B3LYP-D/6-31+G(d) compared to 
experimental IR results 
   F4-TCNQ I.R. Frequencies (cm
-1) Scaled by 0.9614 
Molecule (charge) b2u | Intensity b3g | Intensity b1u | Intensity ag | Intensity 
F4TCNQ (0) 2225.92 | 22.6 2227.98 | 0.0 2244.96 | 1.5 2241.17 | 0.0 
F4TCNQ (-1) 2167.19 | 64.0 2167.05 | 0.0 2198.89 | 431.9 2202.69 | 0.0 
F4TCNQ (-2) 2073.16 | 1146.3 2074.36 | 0.0 2154.92 | 1318.8 2162.18 | 0.0 
Exp F4TCNQ (0) 2213      | strong -- 2227      | weak -- 
Exp F4TCNQ (-1) 2172      | weak -- 2194      | strong -- 
     
 
       
 Charge transfer versus CN stretching frequencies (a) b2u and (b) b1u  of SO-CX 
complexes.  
 
Due to the preliminary nature of this chapter, IR frequencies of DO-CX are 
incomplete. However, one interesting finding did arise from the successful calculation of 
the 4Tx2 sandwich complex. Our B3LYP-D results of the two calculated IR frequencies 
with the strongest intensities appear to more closely resemble experimental data than the 
SO-CX 4T complex.162 This could be further indication that both sides of the F4-TCNQ 




Table 5.4 Vibrational Frequencies of F4-TCNQ in CT-complexes (top) SO (bottom) DO-
S calculated using B3LYP-D/6-31+G(d). 
  F4-TCNQ I.R. Frequencies (cm
-1) 
Complex b2u | Intensity  b3g | Intensity b1u | Intensity Ag | Intensity  
F4TCNQ/2T 2222.07 | 2.5 2222.08 | 9.7 2240.31 | 66.9 2238.27 | 15.4 
F4TCNQ/4T 2208.62 | 5.0 2208.49 |15.9 2231.27 | 98.7 2227.68 | 94.6 
F4TCNQ/6T 2204.21 | 4.9 2204.16 | 27.9  2227.75 | 135.5 2223.79 | 130.4 
Sandwich      
F4TCNQ/2Tx2 2220.11 | 11.6   2220.08 | 0.0 2237.54 |139.0 2236.56 | 0.0 
F4TCNQ/4Tx2 2207.09 | 20.5 2206.98 | 0.0 2229.67 |133.6 2225.60 | 0.0 
Exp. F4TCNQ/4T            2206 | weak                  --               2220 | strong              -- 
5.3 Conclusion 
DFT-D predicts partial charge transfer in SO complexes and the possibility of 
dianion formation in DO-S complexes. The computed binding energies of SO and DO-S 
complexes will correlate linearly with CT however, computed values for DO-L 
complexes will not. Furthermore, DO-L complexes appear to have far less CT capability 
than all other CT complexes studied in this work. Possible reasons include: 1) 
unintentional optimization of a local minima geometry rather than the global minimum 
geometry, 2) misalignment interfacial π orbitals, and 3) HOMO energy states of the 
oligomer complex are positioned below the LUMO energies of F4-TCNQ which may 
prevent charge transfer.  
Stronger binding energies are also seen in all DO complexes compared to SO, 
whereby increasingly larger magnitudes are possible for layered structures that may 
resemble P3HT lamella. Calculated binding energy values for DO-L complexes also 
could indicate the possible formation favorable binding pocket for F4-TCNQ to aid in 
 
97 
charge transfer, however more thermodynamical calculations and possibly more accurate 
geometries are needed before a finalized conclusion should be made.  
B3LYP-D calculations, utilizing the Grimme’s dispersion correction and Scott’s 
frequency scaling factor, calculates the vibrational frequencies of neutral and anionic F4-
TCNQ very close to their experimental values. Charged F4-TCNQ molecules will have 
red-shifted vibrational frequencies pertaining to CN stretching modes. A comparison 
between frequency modes calculated for the DO-S 4T complex appears to closely match 
the reported results F4-TCNQ:4T doping, however, a further literature search may be 
necessary to make a finalized conclusion.  
This is the first comprehensive study oligothiophene complexes calculated using 
first principles. Although much of this work is preliminary, the highly promising results 
thus far appear to fully warrant a more exhaustive study of other possible complexes 




 SUMMARY AND OUTLOOK 
The optoelectronic properties of organic electronic materials are significantly 
affected by their molecular packing and local environments. P3HT nanowhiskers will 
form stable layered structures that remain well ordered on surfaces, suggesting that 
layered structures are more thermodynamically favored in solution.  Detailed inspection 
reveals that the monolayer (ML) nanowhiskers are consistently wider than double-layered 
(DL) ones and the width disparity is likely due to the sliding of π–π stacked motifs within 
ML nanowhiskers.  Alternatively, the interfacial interactions between two P3HT 
monolayers may inhibit the sliding of conjugated motifs in DL nanowhiskers, leading to 
tightly packed and narrower structures. Kelvin probe force microscopy (KPFM) 
measurements are carried out to investigate the influence of ML and DL nanowhiskers’ 
morphologies and local environments on their electronic properties, where curved, 
vertically stacked, and overlapped regions show higher contact potential differences 
(CPD). This is most likely resulting from a combined effect of irregular molecular 
packing and local environmental impacts. 
The chemical doping effects of the strong oxidizing agent F4-TCNQ and P3HT 
are discussed in chapters 3-5, encompassing both experimental and theoretical 
observations. The first investigation compared non-doped and chemically p-doped 
poly(3-hexylthiophene) (P3HT) nanowires by employing simultaneous optical 
spectroscopy and atomic force microscopy (AFM) to reveal the time-dependent effects of 
doping on the aggregation processes and nanoscale morphologies. The AFM studies on 
the non-doped P3HT nanowires formed in the early aggregation stage demonstrate that 
the P3HT molecules will go through either packing of multi-chain/single-chain 
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aggregates or packing of solubilized individual chain depending on experimental 
conditions. Higher-resolution AFM images show that the connecting segments between 
ordered domains of P3HT in higher detail to better illustrate the aggregation mechanism 
of P3HT motifs. Upon the addition of F4-TCNQ, the aggregation rate of P3HT will 
greatly accelerate to formation of 1D P3HT nanostructures in the solution phase. Doped 
P3HT nanowires are comprised of linearly connected domains that are 40 – 60 nm wide 
and 5 – 10 nm high. Comparing with the non-doped P3HT nanowhiskers, doped 
nanowires show smoother edges and less protruding segments, likely due to a different 
aggregation mechanism. However, the doped nanowires tend to further agglomerate into 
disordered bundles and clusters because of the presence of F4-TCNQ counterions and 
complexity resulting from Coulomb interactions and other doping-induced growth 
defects. 
Doping kinetics pertaining to the morphologically different forms are studied 
using optical absorption spectroscopy and stopped-flow technique. Two morphological 
forms, solubilized (s-P3HT) and nanowhiskers (nw-P3HT), are investigated. Kinetic 
analysis on p-doping of s-P3HT with F4-TCNQ indicates that the doping reaction 
proceeds with a single reaction mechanism that is first order in s-P3HT. Doping a P3HT 
aggregate solution shows two distinctive reaction mechanisms that are probably 
simultaneous. The slow mechanism has a reaction rate constant similar to that of 
solubilized P3HT solution, indicating that doping could be occurring on s-P3HT 
components present in the aggregate solution. The fast mechanism is assigned to the nw-
P3HT component, and its doping speed is probably due to more efficient charge 
delocalization in the aggregated P3HT nanostructures. Additionally, the kinetic trends of 
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the p-doping reactions are better fitted with the consideration of a Gaussian-like 
distribution of reactivities from P3HT, matching the complexity of polymeric systems 
originating from molecular weight and morphology variations.  
A first principles study was conducted to investigate the CT of isolated and 
aggregated conformations of charge transfer complexes. For simplicity, oligothiophene 
molecules were used due to being a good approximation for studying functional segments 
of the P3HT backbone which undergo doping. Utilizing both faces of the F4-TCNQ 
molecule for CT results in the possible production of a dianion which has been 
unreported in previous DFT calculations which only study interactions with one face of 
the F4-TCNQ molecule. Furthermore, the binding energies for both aggregation 
complexes studied (sandwich and layered complexes) are much higher than the binding 
energies computed for the single oligothiophene complex. The layering complex could 
serve as a binding pocket for F4-TCNQ due to its higher binding energy, however charge 
transfer results remain inconclusive. 
These studies highlight the importance of considering different morphological 
forms of conjugated polymers on their charge-transfer kinetics. The knowledge gained 
here should be fundamentally and practically important for future chemical doping 
applications in organic electronic device fabrications. Semiconductive polymers offer 
great potential for employment in flexible electronic devices that are cheaper to make. 
Molecular engineering through chemical and physical means provide a pathway to 
increase charge mobility of OSMs. A clearer understanding of the aggregation dynamics 
due to aging and doping OSMs is needed in order to fabricate nanostructures with 
improved intra- and inter-molecular interactions in order to more efficiently delocalize 
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charges. Furthermore, greater predictability of polymeric interactions is needed to address 
some fundamental issues highlighted in this work, namely more predictable surface and 
chemically induced aggregation to better control the morphology and electronic 
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